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ABSTRACT 
Recently, wireless access has become an essential part of modern society. 
Consequently, the demand for new wireless applications and services, as well as the 
number of wireless users, are gradually increasing. Given that this amount of 
expansion is eventually controlled by the available radio frequency spectrum, 
government regulatory agencies have recently adopted a strict approach to the 
licensing of limited amounts of spectrum to different entities (e.g., public safety, 
military, service providers, unlicensed devices, and TV). All of them possess 
exclusive transmissions to their assigned frequency channels. A new study on 
spectrum efficiency revealed big geographic and temporal variations in spectrum 
utilisation, ranging from 15-85% in the bands below 3GHz. These variations were 
less at frequencies above this figure. Recently, the Cognitive Radio (CR) has risen as 
an encouraging piece of technology to improve spectrum efficiency and to solve the 
problem of spectrum scarcity. This is because CR allows the secondary (unlicensed) 
users to occupy unused licensed spectrum bands temporarily, given that the 
interference of the primary (licensed) users is prohibited or minimised.  
In this thesis, various spectrum handoff management schemes have been 
proposed in order to improve the performance evaluation for CR networks. The 
proposed spectrum handoff schemes use the Opportunistic Spectrum Access (OSA) 
concept to utilise available spectrum bands. The handoff Secondary Users (SUs) 
have a higher priority to occupy available spectrum channels in the licensed and 
unlicensed spectrum bands without interfering with the legacy spectrum owner, i.e. 
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primary users (PUs). However, existing spectrum handoff management schemes in 
CR networks do not provide high transmission opportunities for handoff secondary 
users to utilise the available radio spectrum resources. The first part of this thesis 
addresses the issue of spectrum handoff management in a licensed spectrum band 
environment. In this case, both reactive and proactive spectrum handoff schemes are 
proposed. Queuing theory or/and simulation experiments have been used to evaluate 
the performance of the proposed schemes and compare them with other existing 
schemes. Handoff delay has mainly been used to investigate the impact of successive 
handoff operations on the performance of the proposed CR networks. Implemented 
models have shown an improvement in the adopted performance measures. 
According to the achieved results, the improvement of the proposed, prioritised 
handoff schemes in some cases is approximately 75% when compared with existing 
schemes.  
On the other hand, the second part of this research proposed a prioritised 
spectrum handoff scheme in a heterogeneous spectrum environment, which is 
composed of a pool of licensed and unlicensed spectrum channels.  In general, the 
availability of substantial numbers of the licensed spectrum channels is the key 
benefit of using this type of radio spectrum channel. Whereas, accessing with equal 
rights for all types of users is the main advantage of using unlicensed spectrum 
channels. In this respect, no transmission interruptions occur once a user obtains a 
channel. In addition, the proposed schemes use only the unlicensed spectrum 
channels as their backup channels. This enables the user to resume interrupted 
transmission in the case of the spectrum handoff operation (mainly; due to the 
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appearance of the primary users), and thus facilitates a SUs communication. The 
proposed principle is investigated using a retrial queuing theory as well as extensive 
simulation experiments, and is compared with another non-prioritised scheme which 
do not give any preference to handoff SUs over new SUs. The results indicate that 
the proposed model has improved on current average handoff delay. 
This thesis contributes to knowledge by further enhancing the efficient utilisation of 
available radio spectrum resources and therefore subsequently provides an 
improvement in the spectrum capacity for wireless cognitive radio networks. 
Keywords: Cognitive radio networks, Spectrum handoff, Handoff delay, Queuing 
theory. 
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  Chapter 1.
INTRODUCTION 
Wireless communication has become extremely important in modern society, 
with many of our activities implying some kind of wireless access. As a 
consequence, the number of wireless users, standards, applications and services, are 
steadily increasing given that most of the limited available radio spectrum resources 
have been allocated well and can constrain this growth [1]. Also, this amount of 
expansion is eventually controlled by the available radio frequency spectrum; 
government regulatory agencies have adopted, until recently, a strict approach to the 
licensing of limited amounts of spectrum to different entities (e.g., public safety, 
military, service providers, analogue cellular telephony, and TV), all of them possess 
exclusive transmissions to their assigned frequency channels. By using this strict 
approach, the main access method of a radio spectrum resource is based on a fixed 
spectrum allocation basis, called Fixed Spectrum Access (FSA). The Federal 
Communication Commission (FCC) published a report prepared by the Spectrum 
Policy Task Force (SPTF) [2], which proved that most of the dedicated (licensed) 
spectrum experience low utilisation efficiency, such as those allocated to a TV or 
analogue cellular telephony, which are underutilised. The study revealed big 
geographic and temporal changes in spectrum utilisation, ranging from 15-85% in 
the bands below 3GHz, while ranging lower than this at higher frequencies [3]. 
These temporally unused spectrums, called spectrum holes or white spaces, are 
illustrated in Figure 1.1. These spectrum holes are sometimes called “virtual 
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channels”, which are logical channels built over the spectrum holes of the licensed 
PU channels [4].  
 
Figure 1.1: Spectrum hole concept [5]. 
Due to this, new regulations are required to utilise the existing spectrum bands 
more efficiently. There are two solutions for the regulator to overcome this problem. 
The first solution is to expand or increase the spectrum for the unlicensed bands. 
However, practically, this solution is not easy to apply and would take a long time 
for the regulators to implement on the ground. The second solution is to give 
permission to the unlicensed wireless networks to use the unutilised licensed 
spectrum bands (white spaces) opportunistically; as a result, the overall utilisation 
would increase. The latter solution is called Opportunistic Spectrum Access (OSA). 
To realise the concept of OSA, the state of the art “cognitive radio” [6, 7] is 
developed as a promising piece of technology which is expected to be the main 
element of future wireless communication networks. Cognitive radio technology 
allows the unlicensed (secondary) users to utilise the unused spectrum without any 
harmful interference to the licensed (primary) users’ transmissions. In the case of the 
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primary users appearing in the bands occupied by the secondary users, the secondary 
users have to empty the bands and look for new bands to complete the transmissions. 
 Motivation  1.1
Even though there are several advantages of using cognitive radio networks, 
such as increasing the spectrum utilisation of wireless networks, there are still some 
challenges which have not yet been comprehensively discussed: 
Firstly, although cognitive radio networks are planned to operate over a 
heterogeneous spectrum environment, which is comprised of licensed and unlicensed 
spectrum bands, only some of the research has been carried out in such an 
environment as merging licensed and unlicensed spectrum bands for transmission 
increases the spectrum utilisation of cognitive radio wireless networks. Instead, most 
of the research has been done in only the licensed band of the spectrum. 
Secondly, although spectrum utilisation will be improved when considering 
CRNs, the effect of multiple and sudden appearances of the PUs in the licensed 
spectrum band have not yet been explored broadly. In order to mitigate and 
compensate the adverse effects of spectrum handoff, handoff secondary users should 
be provided with a higher priority over uninterrupted secondary (new) users in 
utilising the available spectrum band.   
The aforementioned challenges motivated us to: develop innovative spectrum 
handoff schemes in order to improve the performance of the secondary users in 
terms of their handoff delay, which is one of the main themes of our research as well. 
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 Research Goals and Objectives 1.2
The main goals of this thesis are given below: 
 To develop proactive-decision spectrum handoff schemes in CRNs which 
operate under the licensed spectrum band.  
 To develop a reactive-decision spectrum handoff scheme in CRNs that operates 
under the licensed spectrum band.  
 To develop a shared queue spectrum handoff scheme in CRNs that operates 
under the licensed spectrum band.  
 To develop a spectrum handoff scheme in CRNs that operates under a 
heterogeneous spectrum environment, consisting of the licensed and unlicensed 
spectrum bands.  
These goals are to be evaluated according to the following steps: 
 To implement a simulation platform.  
 Calculate performance measures for the proposed models. 
 Validate simulation results using the results achieved from the analytical model 
whenever it is provided. 
 Contributions  1.3
The contributions of this thesis are listed as follows: 
 The implementation of novel proactive-decision spectrum handoff schemes 
(random and switching schemes) to evaluate the performance of the proposed 
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cognitive radio network using the Preemptive Resume Priority (PRP) M/G/1 
queuing network model. 
 The implementation of a spectrum handoff scheme based on instantaneous 
queue length in order to investigate the performance of the proposed cognitive 
radio network using the Preemptive Resume Priority (PRP) M/M/1 queuing 
network model. The new provided scheme is categorised under a reactive-
decision handoff approach. 
 The implementation of a reactive-decision spectrum handoff scheme to 
investigate the performance of cognitive radio networks under common handoff 
queues using the Preemptive Resume Priority (PRP) M/M/1 queuing network 
model. 
 The development of a novel spectrum handoff scheme so as to evaluate the 
performance of the proposed cognitive radio network under a heterogeneous 
spectrum environment with single-licensed and single-unlicensed spectrum 
channels (N1=1, N2=1), and multi-licensed and multi-unlicensed spectrum 
channels (N1=n1, N2=n2). The proposed CRN is modeled using the Preemptive 
Resume Priority (PRP) M/M/C queuing network model for the licensed band 
and the M/M/C retrial queuing network model for the unlicensed band.  
 Thesis Organisation 1.4
This thesis is organised according to the following plane, 
Chapter 2 presents background regarding the regulations of the radio 
spectrum, and fixed and dynamic spectrum access techniques. Also, this chapter 
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provides an overview of the state of the art “cognitive radio”, which includes a 
software-defined-radio, key challenges of cognitive radio technology and cognitive 
radio network architecture.   
Chapter 3 presents a novel random and switching spectrum handoff decision 
schemes. The two provided schemes are categorised under the proactive-decision 
handoff approach. Also, illustrated examples are presented and an extensive and 
comprehensive comparison study is established between the new and other existing –
generated - spectrum handoff schemes, such as the old corresponding schemes. 
Achieved simulations results are validated using the corresponding analytical models 
and are analysed by the queuing theory. 
Chapter 4 proposes a reactive-decision spectrum handoff scheme. The model 
assumes a central controller that provides handoff users with the information 
regarding the states of the secondary users’ queues for each wireless channel, 
namely, the instantaneous queue length. Then, this information is used as the key 
factor in determining the spectrum handoff decision. Simulation results obtained 
from the developed scheme are compared with another existing generated sensing-
based scheme as well as with other developed schemes in Chapter 3. 
Chapter 5 introduces another reactive-decision spectrum handoff scheme. The 
developed model provides handoff secondary users from all channels with a shared 
queue, instead of a separate queue, for each channel. To investigate the performance 
of the implemented model, a simulation study is conducted to compare the 
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developed scheme and some other spectrum handoff schemes implemented in 
Chapter 3 and Chapter 4.  
Chapter 6 presents a novel prioritised spectrum handoff scheme in a 
heterogeneous spectrum environment, composed of unlicensed and licensed 
spectrum bands. Two scenarios can be considered: single-licensed and single-
unlicensed spectrum channels (N1=1, N2=1), and multi-licensed and multi-unlicensed 
spectrum channels (N1=n1, N2=n2). The proposed model is decomposed into two 
main parts in order to facilitate the methodical analysis. Simulation results are 
validated using the queuing theory whenever it is possible.  
Chapter 7 completes the thesis and provides conclusions that are related to 
every chapter. Additionally, this chapter indicates any future work of interest.  
 Methodology  1.5
The prediction of real world behaviour can be achieved either by simulating 
the system or by the use of theoretical analysis. The queuing theory, besides 
simulation experiments, is considered to be from the main standard methodologies in 
the telecommunications, computer science, and computer engineering. Theoretical 
analysis approach seems to be cheaper and faster solution, whereas, simulation 
approach can be used when the mathematical model of the system is very complex. 
However, simulation approach is an expensive and time consuming solution. In this 
thesis both approaches are used to analyse the proposed models. For the simulation 
approach, the discrete event simulator MATrix LABoratory (MATLAB) package 
tool is used to analyse the delay performance measures, such as the handoff delay, 
 CHAPTER 1. - INTRODUCTION 
 
8 
 
the cumulative handoff delay, the total service time, and several others. Recently, 
MATLAB has been widely used in simulating and analysing communication 
networks and it gives good approximations for exponentially distributions traffic.  
For the theoretical analysis approach, the well-known queuing theory is used to 
model the corresponding proposed models. The following subsections will provide 
us with some ideas regarding the theoretical analysis approach, which is relevant to 
this topic.  
 Queuing Theory 1.5.1
The queuing theory [8, 9] has been used since the early 1900s to analyse 
communication systems. Models based-on the queuing theory have achieved 
relatively high accuracy at a low cost.  But, despite the simplicity of its idea (the 
users arrive, request for service, and wait in a buffer until getting the service, or 
otherwise leave the system), the subject has a considerable amount of complexity 
and subtlety [10].  
 Priority Queues 1.5.2
In queuing systems, some users are provided with special treatment. Systems 
which provide such treatment are called priority queuing systems. In these systems, 
there are at least two types of users: low-priority users and high-priority users. The 
high-priority users are always given a higher priority over the low-priority users in 
utilising the system resources, such as the spectrum channels. Two categories of 
priority queues are identified here: Preemptive priority queues and non-preemptive 
priority queues [11]. 
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1.5.2.1 Preemptive Priority Queues 
In preemptive priority queues, newly arriving high-priority users interrupt the 
transmissions of the low-priority users receiving service, and then start transmitting 
their data immediately. The interrupted users join the low priority queue. According 
to the  disciplines of this queue, a low-priority user can only transmit its data when 
there are no high-priority users in the queue at the time [11]   .  
1.5.2.2 Non-preemptive Priority Queues 
In non-preemptive priority queues, the newly arriving users do not interrupt the 
user in service, regardless of their type. Instead, they wait until the user in the service 
finishes its transmission. This type of priority queues is sometimes denoted as a 
head-of-line (HOL) priority queue [12].  
1.5.2.3 Retrial Queues 
Queuing systems with returning customers are denoted by retrial queues. In 
many telecommunications, computers, and  telephony switching networks, newly 
arrived users which find the service facility busy enter the orbit (also, called the 
retrial group), and retries in getting the service after a random amount of  time in a 
random order. The retrial queuing theory is used to model such systems theoretically 
which have retrial phenomenon [13-15]. The orbit is an invisible buffer which is not 
possible to be observed [16]. Typical examples of such systems which have retrial 
phenomenon are random access protocols [17], such as Carrier Sense Multiple 
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Access (CSMA) which is used mainly in getting access to the unlicensed spectrum 
bands. 
 Service Completion 1.5.3
In the preemptive priority queues mentioned above, the completion of the 
interrupted transmissions can be carried out in various ways; resuming the 
transmission, repeating the transmission, or sometimes dropping the transmission. 
1.5.3.1 Resume Transmission 
In this case, interrupted transmissions are not retransmitted again [18] if the 
interrupted process does not result in any loss. Instead, the interrupted transmission 
will be retransmitted from the instance of interruption [18].  
1.5.3.2 Repeat Transmission 
In the repeated transmission service, the interrupted transmission should be 
totally retransmitted [18].  
1.5.3.3 Drop Transmission 
In this type of service, interrupted transmissions will be dropped and will not 
be transmitted any more.   
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  Chapter 2.
RADIO SPECTRUM & COGNITIVE RADIO NETWORKS 
 Introduction 2.1
The precious radio spectrum and its exploit are firmly controlled by 
governments in most world countries. Also, regulatory bodies, such as Ofcom in the 
UK and FCC in the USA, enforce the spectrum allocation paradigm “command-and-
control”. Most existing wireless devices and networks follow the legacy fixed 
spectrum access (FSA) policy in order to use the radio spectrum, in which the 
spectrum bands are licensed to being devoted (primary) services and users, such as 
cellular networks, TVs, and vehicular ad hoc networks. However, in these systems, 
only the primary users can operate in the assigned spectrum. On the other hand, the 
other systems are not allowed to use this spectrum, even when it is idle.  
Although the issue of interference among different devices and networks can 
be efficiently controlled and coordinated by using FSA, this policy still causes 
significant spectrum underutilisation, as reported in [19]. The growth of new 
wireless services and applications along with diverse network architectures (such as 
heterogeneous networks) has been adversely affected by the inefficiency of the radio 
spectrum [19]. As a consequence, new flexible and dynamic spectrum regulations 
should be introduced in order to overcome this issue.   
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 Dynamic Spectrum Access (DSA) 2.2
As mentioned above, the spectrum access policies of today are static. On the 
other hand, dynamic spectrum access techniques propose that a radio system can 
adapt to the available spectrum bands dynamically, and use them with limited rights 
[20]. As a consequence, dynamic spectrum access can overcome the problem of 
fixed spectrum assignment. The general DSA approaches are explained in Figure 
2.1. DSA can be classified into three main models: dynamic exclusive use, open 
sharing (also denoted by commons), and hierarchical access [21]. The following 
subsections give an idea for each type of these models.  
 Dynamic Exclusive Use Model  2.2.1
In such models, an exclusive use of the licensed spectrum is allocated 
dynamically among possible licensees (users or providers). Radio regulation bodies 
often govern this kind of DSA models. This model is categorised into the types 
Spectrum property rights, and Dynamic spectrum allocation; 
Spectrum property rights: In this type, spectrum owners are allowed to sell and 
trade the spectrum and use it through any technology they want. 
Dynamic spectrum allocation: This type improves spectrum efficiency through 
dynamic spectrum assignment for more than just the service. It exploits the spatial 
and temporal traffic statistics (demands) of different services. In other words, the 
spectrum is allocated exclusively to specific services at a given time and a given 
area.  
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 Open Sharing Model (Spectrum Commons) 2.2.2
In this DSA type, the spectrum is open for use and share for different users. 
The main idea here is that users compete to share the spectrum with equal rights.  
 Hierarchical Access Model 2.2.3
This type of DSA relies on the hierarchical access structure of the radio 
spectrum. Two types of users are identified here: secondary users and primary users. 
Also, the licensed spectrum is open for the secondary users to use. The hierarchical 
access model is categorised into two types: spectrum underlay and spectrum overlay. 
The main features which discriminate each type are explained in Section 2.9. The 
spectrum overlay approach is sometimes called OSA. 
The hierarchical access model is the most compatible model, with legacy 
wireless systems and current policies of spectrum management. It is possible to use 
this model without any modifications to the spectrum regulations. In this thesis, only 
the hierarchical access model is considered, in particular, the spectrum overlay 
approach, in which secondary users utilise spectrum holes in an opportunistic 
manner. 
The main property of OSA is that it opens the licensed spectrum bands for 
usage by the secondary users, without interfering or negotiating with the primary 
users. The spectrum allocation paradigm (OSA) is introduced and is motivated by: 
 The limitation of the available radio spectrums for transmission, 
 The fact that most of the radio spectrum bands are already exclusively assigned,  
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Figure 2.1: Dynamic spectrum access approaches [22]. 
 The spectrum underutilisation.  
These three factors give the opportunity for more and more unlicensed 
(secondary) users to share or reuse the licensed frequency band, without interfering 
with the transmission of the incumbent licensed (primary) users (e.g., TVs, cellular 
phones, radars, and microphones). Secondary users (e.g., Wi-Fi, ZigBee, and 
Bluetooth) occupying the licensed spectrum should vacate the spectrum when 
required by the spectrum owner [1], [23], [24]. This state of the art trend is called the 
“Cognitive Radio”,[25], [26] and is defined in the following subsections. However, 
the cognitive radio requires new wireless technologies, architectures, and algorithms 
to make it feasible in practice. 
As a consequence, properties of the neXt Generation (XG) wireless networks 
would have to be much more cognitive than recent networks by introducing the 
learning elements in the networks. This ability will allow the networks to monitor 
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the users’ traffic and mobility, and signal the core network to act on adjustment for 
the utilisation of spectrum and switching components [27].  
 Radio Spectrum 2.3
The electromagnetic spectrum part, which is used for transmitting data, voice, 
and video, is called the “radio spectrum”. The radio spectrum includes frequencies 
from 3 kHz to 300 GHz and is systematised by national and international 
organisations, which are generally denoted as “regulators” [28]. In general, the 
regulation of radio spectrums can be distinguished into three categories [2], [28]: 
Licensed spectrums, which is used for exclusive usage and for shared or common 
usage, and unlicensed spectrums. Further explanations about these types will be 
provided in the following subsections. 
 Licensed Spectrum for Exclusive Use 2.3.1
In this case, within a particular geographical area, license users have exclusive 
and transferable rights to use a particular assigned spectrum band, with elastic use 
rights that are ruled mainly by technical rules to protect communications from 
interference. An example of a licensed spectrum for exclusive usage is spectrum 
bands for the Universal Mobile Telecommunication System (UMTS) in Europe. 
 Licensed Spectrum for Shared Use 2.3.2
This type is denoted as the “command-and-control” model. This model is the 
older model, in which licensee users obtain a spectrum band to use under specific 
conditions. Changing the uses of the spectrum is a deliberative process which needs 
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revision and prospects of the public. Spectrum bands assigned to Digital Enhanced 
Cordless Telecommunication (DECT) provide us with an example of this type of 
licensed spectrum sharing. 
 Unlicensed Bands 2.3.3
To be precise, there are two main unlicensed spectrum bands which are the 
industrial, scientific and medical (ISM) bands [29], and the Unlicensed National 
Information Infrastructure (U-NII) band [30]. The allocated radio spectrum bands for 
unlicensed usage are small compared with the spectrum bands allocated to the 
licensed usage. Spectrum access to unlicensed spectrum bands is open and all users 
have equal priority to utilise free spectrum bands. To avoid interference amongst the 
spectrum, users have to follow certain technical rules (called etiquettes) before 
starting communication process.  
 Cognitive Radio: Overview 2.4
The exploration of the cognitive radio trend involves an interdisciplinary effort 
from different technical areas, including: communications engineering, the 
networking, spectrum policies, adaptive systems and learning, signal processing, the 
information theory, the game /cooperative theory, economics and social sciences. 
Although there have been many advances in the cognitive radio trend with 
respect to enabling DSA networks, further study is required to make DSA a feasible 
spectrum allocation paradigm in CRNs. Major existing studies on cognitive radios 
cover: 
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 Spectrum policy alternatives and system models 
 Spectrum sensing algorithms 
 Cognitive radio architecture and software abstractions 
 Cognitive algorithms for adaptation and resource management 
 DSA technology and algorithms 
 Protocol architectures for CRNs 
 Network security for CRNs 
 Cooperative wireless communications 
 Cognitive medium access control (MAC)  
 Cognitive networking and the Internet 
 Game theory for cognitive radio networks [31] 
 Physical layer aspects 
Some of research focuses on the implementation of CRs which require no 
changes in existing networks (infrastructures) [32]. Other research suggests more 
than a single radio for each secondary user, or they assume secondary users have a 
wide band spectrum sensing [33], [34]. The following subsections introduce some 
basic and vital aspects and definitions related to the cognitive radio. 
 Software-Defined Radio (SDR) 2.5
Fortunately, the rapid evolution of microelectronics has enabled the 
development of software-defined-radio (SDR) technology, where the baseband 
digital processing is completely achieved in software. This technology allows to 
adapt to operating parameters (e.g., transmit power, carrier frequency, coding 
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scheme and modulation strategy), based on learning from previous events and 
current inputs to the system. This will give opportunities to unlicensed users to 
access the licensed spectrum without interfering with the primary users [6]. 
 Cognitive Radio (CR) 2.6
The cognitive radio built on SDR is introduced as the enabling technology for 
dynamic spectrum access. Cognitive radio was first introduced by Joseph Mitola in 
1999 [25], [26]. It is defined as “an intelligent wireless communication system that is 
aware of its surrounding environment (i.e., outside world), and uses the methodology 
of understanding-by-building to learn from the environment, and adapt its internal 
states to statistical variations in the incoming RF stimuli by making corresponding 
changes in certain operating parameters (e.g., transmit-power, carrier-frequency, and 
modulation strategy) in real-time” [6]. Cognitive radio will provide us with “highly 
reliable communications whenever and wherever needed” [6] with “efficient 
utilisation of the radio spectrum” [6] via heterogeneous wireless architectures. This 
can be done by letting secondary users (SUs) temporarily utilise the primary users’ 
(PUs) unused licensed spectrum bands [35-38]. 
 Cognitive Cycle (CC) 2.7
In cognitive radio networks, secondary users should perform the four 
spectrum-awareness operations which form the cognitive cycle: spectrum sensing, 
spectrum decision, spectrum sharing, and spectrum mobility. These operations 
(sometimes called steps) are illustrated in  
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Figure 2.2, and are discussed in detail in the Section 2.9. In general, secondary 
users should sense the surroundings whenever they have data to transmit, and 
characterise available (empty) spectrum bands in terms of radio environment local 
observations (i.e., interference, received signal strength) and the primary users’ 
statistical behaviors. To characterise spectrum bands in terms of the primary users’ 
statistical behaviors, prior information regarding the activity of the primary users is 
needed, such as their arrival and service processes. This can be achieved by long-
term observations of the licensed spectrum band. This can help in the decision 
making step in order to select the best spectrum bands which satisfy the secondary 
users’ QoS. Moreover, multiple secondary users should share available spectrum 
bands in order to avoid collisions. In case the primary users return to their licensed 
bands, secondary users occupying those bands should perform spectrum mobility 
and empty the occupied bands immediately, and then search for other unused bands.  
 
Figure 2.2: Cognitive cycle [39]. 
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 Main Challenges of Cognitive Radio Technology 2.8
The two main aspects of cognitive radio are:                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                        
 Cognitive capability: Because of the high variation in the available spectrum and 
the diversity of applications that can be used by CR technology, CR users must 
be able to: 
o Identify and detect which parts of the spectrum are available at a specific 
time and location through  real time interaction with the surrounding 
environment (spectrum wideband sensing) 
o Choose the appropriate band for transmission (spectrum decision) 
o Share access processing with other CR users (spectrum sharing) 
o Vacate the spectrum when a primary user appears in the selected band 
(spectrum mobility) 
These network capabilities can be realised by spectrum management functions 
(see Section 2.9). 
 Re-configurability: CR users must have the following abilities: 
o They must be able to operate on different systems with different protocols in 
a wideband frequency range supported by its hardware design. Using this 
capability, the best networks and channels can be selected and then CR users 
are able to reconfigure themselves to be compatible with the new 
environment.  
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o They must be able to control the transmission power, for example, 
transmitting power control can be used to control the power level 
dynamically, which reduces the emitted power to allow greater sharing of the 
spectrum when a higher power level is not necessary. 
o  They must be able to adapt to the modulation scheme in order to improve 
spectrum access process. 
o They must be able to frequency agility, which means the ability of the CR 
user can change its transmission frequency. 
 Cognitive Radio Network Architecture 2.9
The heterogeneity of cognitive radio networks provides us with high reliable 
wireless communication whenever and wherever needed with efficient utilisation of 
the radio spectrum. The main features of the CR network architecture are illustrated 
in Figure 2.3 and can be explained as shown below. 
 Network Construction: Two types of networks are identified.  The CR network 
and the primary network.  
o The primary network (also called the licensed network) is an existing 
network in which the primary users have a certain licensed spectrum band to 
use. If the primary network has an infrastructure, then the primary users’ 
transmissions are controlled by the primary Base Station (BS) within the 
transmission range of the same base station. As primary users have the 
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highest priority in spectrum access, the transmissions of unlicensed users will 
not disturb the transmission of the primary users.  
o The CR network can also be referred to as the unlicensed network, the 
secondary network, or the dynamic spectrum access network. The CR 
network does not have the authority to use the intended spectrum band. As a 
consequence, in order to share the unused licensed spectrum bands without 
interfering with the primary users’ transmissions, additional functionalities 
are needed for CR users. Also, secondary networks can have infrastructure 
(such as base station in a cellular network or an access point in a wireless 
local area network (WLAN) that support single hop communications to CR 
users or infrastructureless (Ad hoc) networks as shown in Figure 2.3. 
Moreover, secondary networks may be provided with spectrum brokers to 
distribute the spectrum between other CR networks [40]. The brokers may 
lease the spectrum according to some conditions such as the maximum 
transmission power and the spatial region where the spectrum will be used 
[41]. 
 The Heterogeneous Spectrum Environment: CR users have the ability to access 
both licensed and unlicensed bands of the spectrum [36, 42, 43]. This can be 
achieved by using wideband access technology. As a consequence, two types of 
spectrum access are identified here: licensed band access and unlicensed band 
access. The primary network is principally operated using the licensed band, 
therefore CR networks should identify the unused spectrum bands in such cases. 
But, if primary users return back to their spectrum, CR users should immediately 
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empty the spectrum band and resume their transmission in another spectrum 
band or at another opportunity. On the other hand, CR users have the same 
rights to use the unlicensed bands in the absence of the primary users. However, 
spectrum sharing techniques are required for the secondary users to compete for 
the unlicensed spectrum bands.  
 
Figure 2.3: Cognitive radio network architecture [5]. 
 The Heterogeneous Network Access: CR users can access the available 
spectrum bands by three different ways, as shown in Figure 2.3. The first access 
method is CR network access, in which CR users communicate with each other 
through their base station using both licensed and unlicensed spectrum bands. In 
the second access method, which is CR ad hoc access, the communication 
between CR users is done in an ad hoc manner using both licensed and 
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unlicensed spectrum bands. Finally, the last access method is primary network 
access; in this type, CR users can access the primary base station through the 
licensed spectrum band. 
 Spectrum Management Outlines: the coexistence of CR networks (CRNs) 
with primary networks as well as a variety of QoS requirements which can 
create big challenges. Therefore, sophisticated spectrum management functions 
are required for CRNs besides some design issues, such as CRNs should avoid 
interference with primary networks. Also, CRNs should support QoS-aware 
communication in order to select the best spectrum band, taking into 
consideration the heterogeneous and dynamic spectrum environment. Another 
issue is that spectrum mobility in CRNs should be performed with seamless 
communication. In order to address such challenging issues, the main features of 
spectrum management in CRNs should cover the four steps [44], shown in 
Figure 2.2. 
o The first step is spectrum sensing in which secondary users should observe 
the available spectrum bands and identify spectrum holes by performing 
wideband spectrum sensing. Also, characteristics and statistics of available 
spectrum bands should be carefully monitored and captured in this step. 
Moreover, spectrum sensing should be performed periodically to detect 
primary users and protect them from any interference.  
o The second step is spectrum decision. After identifying the available 
spectrum bands, CR users need to decide which band to choose according to 
the targeted QoS. Characterisation of the available spectrum bands according 
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to the primary users’ activity and radio environment is an essential issue [44]. 
Also, prior information regarding the users’ activity is needed here which can 
be provided and updated periodically by a centralised database [45], such as 
channels and queues status. When a CR user desires to transmit data, it 
request needed information regarding available channels’ characteristics from 
the base station, based on those information it selects appropriate channel for 
transmission. 
o The third step is spectrum sharing. It is possible for multiple CR users to try 
to access the same spectrum bands at the same time, which would cause 
disturbances and collisions to their transmissions. Therefore, spectrum 
sharing should coordinate the transmissions to limit collisions between 
multiple CR users, and provide the ability to share the unused spectrum 
opportunistically between multiple CR users without interfering with the 
primary network. An important issue should be considered in this step, which 
is transmitter-receiver handshaking; when a spectrum band is determined for 
transmission, the transmitter should inform the receiver regarding the 
selected spectrum band by exchanging RTS/CTS messages through a 
dedicated control channel. First the transmitter sends an RTS message to the 
receiver. The RTS message containing the determined band for transmission. 
When the receiver respond by the CTS message, then the transmission will be 
continued using the determined spectrum band.   
Spectrum sharing can be achieved horizontally or vertically. If all users have 
the same priority to access the spectrum band (for example, accessing the 
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unlicensed spectrum bands such as ISM bands), then this type of spectrum 
sharing is called “horizontal spectrum sharing”. On the other hand, if one 
user (i.e., the spectrum owner) has a higher authority to use the spectrum 
band (for example, accessing the licensed spectrum bands such as TV 
broadcasting and Global System for Mobile Communication (GSM) bands), 
then this type of spectrum sharing is called “vertical spectrum sharing”.  
Moreover, spectrums can be shared on the basis of time domain, space 
domain, frequency domain, power domain, or a mixture of these domains. 
Transmission opportunities are obtained from the time domain, space 
domain, frequency domain, or a mixture of these domains, which are denoted 
as spectrum holes, or white spaces, whereas they are denoted as gray spaces 
in the power domain [6]. 
Also, spectrum sharing can be classified in terms of access technology into 
two main classes: overlay spectrum sharing, and underlay spectrum sharing. 
In the former type, CR users can only utilise spectrum bands that have not 
been used by the primary users, as a consequence, this can minimise the 
interference to the primary users. Many techniques can be used to realise this 
approach, such as Time Division Multiple Access (TDMA) and Frequency 
Division Multiple Access (FDMA). On the other hand, the other type of 
spectrum sharing permits CR users to transmit with a high power in the time 
domain, space domain, frequency domain, or any mixture of these domains, 
but without exceeding the interference tolerance limit to the primary users. In 
this case, primary users consider the transmission of CR users as a noise. 
Underlay spectrum sharing can utilise the spectrum better but increase in 
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complexity. In this thesis, we only consider the overlay spectrum sharing 
class to utilise the available spectrum bands opportunistically.  
Furthermore, spectrum sharing can be classified according to the access 
mode, hence two access mode types are identified: contention-free and 
contention-based. In the first type, the access to the spectrum is based on the 
time slots which construct the frames, whereas in the second type, CR users 
compete randomly to access the spectrum band. The carrier sense multiple 
access (CSMA) mechanism is an example of this type of access mode.  
Finally, spectrum sharing can be classified from the point of architecture, in 
this case two types are considered: centralised and distributed architecture. In 
the centralised architecture, a centralised entity (i.e., the base station) controls 
spectrum allocation (selecting a proper band based on the required QoS) and 
spectrum access. On the other hand, in the distributed architecture, each CR 
user performs spectrum allocation and accesses the spectrum individually. 
This solution can be employed where infrastructure construction is not 
desirable. 
o The fourth and last step is spectrum mobility. With respect to spectrum 
mobility, if a primary user is detected in the specific spectrum band in use, 
CR users should vacate the band immediately and resume their transmission 
in another unoccupied band. The management of spectrum mobility ensures 
fast and smooth spectrum transition in the handoff process. This can lead to 
minimum QoS degradation for CR users. Therefore, spectrum mobility 
requires a handoff mechanism to detect the primary users and to switch to 
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another spectrum band with minimum service degradation. Another 
possibility is to wait until primary users finish their transmission and then to 
continue transmission in the same band. Spectrum handoff (mobility) has  
received less attention from the research community in comparison to the 
other functionalities [36, 46]. In general, spectrum handoff approaches can be 
classified, from the point of view of decision timing for choosing the goal 
channel for next spectrum handoffs, into two major groups: proactive-
decision spectrum handoffs and reactive-decision spectrum handoffs [47, 48], 
as shown in Figure 2.4. The next chapters will discuss these approaches in 
detail and propose some spectrum handoff schemes in cognitive radio 
networks in order to address the issues of spectrum mobility.  
 Related Work 2.10
Spectrum handoff happens when a PU appears in a spectrum band which is 
already occupied by an SU. Little work has been done on spectrum handoffs in 
comparison to the functionalities of cognitive radio networks, such as spectrum 
sensing, spectrum management, and spectrum sharing [36, 46]. 
The main properties of the proactive and the reactive spectrum handoff 
approaches mentioned above are: 
 In the proactive-decision spectrum handoffs type, such as [49-56], SUs prepare 
goal channels for spectrum handoffs before they start their transmission, after 
periodically monitoring all the channels to collect information about channel 
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statistics and decide the appropriate set of goal channels for future spectrum 
handoffs, based on long-term observation results. 
                    
Figure 2.4: Spectrum handoff decision in CRNs. 
 For reactive-decision spectrum handoffs [35, 57-61], the interrupted secondary 
user searches for goal channels in an ‘on-demand’ way (mostly by instantaneous 
wideband sensing) after the interruption process occurs [61, 62]. Following this 
search, the interrupted transmission can be resumed on one of the goal channels.  
However, each type has its advantages and disadvantages. For example, 
proactive-decision spectrum handoff schemes do not waste time on sensing as 
instantaneous wideband sensing is not required in this type, thus results decreased in 
the total service time [63] and of course handoff delay. However, the problem here is 
that the pre-selected goal channel(s) may no longer be accessible when interruption 
events occur. On the other hand, even though reactive-decision handoff schemes 
waste time on sensing for free channels, sensed results are more accurate and 
reliable. The problem here, this type needs handshaking time to reach agreement on 
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the target channel between sender and receiver. In [48], a comparative study between 
the two types is provided. 
In the following paragraphs, we will give an idea regarding the existing work 
in spectrum handoff with the concept of OSA. In such models, secondary users 
access the available wireless channels opportunistically. In general, when primary 
users appear in the licensed channels, the spectrum handoff procedure is initiated and 
the on-going transmission of the secondary users is paused until operating or when 
another channel becomes available for resuming the interrupted transmission, 
otherwise, interrupted transmissions will be queued or dropped.  
Available spectrum bands for data transmissions compose of licensed spectrum 
bands and unlicensed spectrum bands as shown in Figure 2.5.  According to [36, 42, 
43], secondary users in future networks can access and operate on both the spectrum 
bands. However, most of the existing spectrum handoff schemes with OSA do not 
investigate into the performance of secondary users in a heterogeneous spectrum 
environment. This means that the existing models do not take into consideration that 
secondary users can operate on both of the spectrum band environments. In other 
words, they ignore the possibility of unlicensed bands to become available after 
some time and hence can be used for transmission.  
In this research, an extensive study has been conducted to explore the existing 
spectrum handoff models with OSA from the point of view of the following features: 
 
 CHAPTER 2. –RESEARCH BACKGROUND 
 
31 
 
               
Figure 2.5: Spectrum handoff bands in CRNs. 
 The spectrum handoff process: In the context of our research, handoff was 
mainly triggered by the arrival of the PUs which found their licensed bands 
occupied by unlicensed users [64] (which is different from handoff in [65]} 
which assumes handoff can happen before PUs arrival). In this case, the 
unlicensed users should immediately initiate the spectrum handoff procedure 
and empty the spectrum band for the licensed user and move to another idle 
band. 
 Spectrum handoff decision timing: Selecting a target channel for spectrum 
handoff can be executed either proactively or reactively according to the 
adopted handoff scheme. 
 The priority of the handoff secondary users: SUs can be served according to the 
arrival time, i.e. FCFS basis. On the other hand, it is possible to provide 
interrupted secondary users with a higher priority over new secondary users to 
utilise available spectrum channels in order to mitigate the adverse effect of the 
interruption/handoff process, and meanwhile improve the quality of service.    
Spectrum Usage 
Bands for  
Secondary Users 
Licsensed Spectrum 
Bands 
Unlicsensed Spectrum 
Bands 
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 Operating the spectrum environment: As it is known, available spectrum bands 
for wireless communications consist of licensed spectrum bands and unlicensed 
spectrum bands. As mentioned earlier, XG wireless networks should allow the 
unlicensed users to utilise both types of spectrum bands. 
In this section, an overview regarding existing spectrum handoff models in 
cognitive radio networks has been provided from the above mentioned points of 
view. Our extensive conducted survey classifies the existing spectrum handoff 
models based on the spectrum operating environment. Therefore, two main groups 
are identified: Licensed spectrum band models and Heterogeneous spectrum band 
models.  
Licensed spectrum band models: In this type of operating spectrum 
environments, only licensed channels can be used by either the primary users as 
operating channels, or by the secondary users as operating channels or as target 
channels in the case of spectrum handoff. Some examples of this type are [59], [52], 
[64], [58], [66], [53] and its extension [56], [67], [61, 62], [68], [69], [70], [71], [72], 
and [47]. 
A reactive-decision spectrum handoff scheme was presented in [59]. The 
proposed scheme selects the target channel for spectrum handoff based on on-
demand wideband sensing after primary users return to their licensed bands. The 
characteristics of the spectrum usage behaviour between the primary users and the 
secondary users are modelled using a preemptive resume priority (PRP) M/G/1 
queuing network model. The channel utilisation and transmission latency of SU 
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transmissions are adopted as the performance metrics in this work. However, the 
presented model only operates over the licensed band.  
In [52] and its extensions [64], a proposed proactive-decision handoff scheme 
assumes that each SU should prepare a list of target channels for spectrum handoff in 
case of the appearance of the primary users. Since the list of the target channels are 
known for any communicating secondary users, only the switching delay contributes 
to the handoff delay. The proposed scheme is modelled using a preemptive resume 
priority (PRP) M/G/1 queuing network model. The presented results show that this 
scheme can decrease the total service time comparing with the random channel 
selection scheme. However, in this work the existence of unlicensed channels is 
completely ignored and the operation channels were only selected from the licensed 
band. Moreover, in [66], a proactive-decision spectrum handoff scheme was 
presented in which guard channels were used as backup channels in the case of the 
appearance of the primary users. According to the FCC (Federal Communication 
Commission) new released rules, TV guard channels can be used for 
communication. In addition, cognitive radio users can be equipped with a TV 
channel database. These changes can eliminate the use of spectrum sensing in 
searching for idle channels. The suggested scheme is examined using a preemptive 
resume priority (PRP) M/G/1 queuing network model. Achieved results proved that 
the proposed proactive-decision scheme outperforms the existing random scheme in 
terms of handoff delay and total service time. The improvement in the total service 
time can be more than 20%. 
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The work in [67] presented a mathematical analysis for the suggested 
proactive-decision spectrum handoff model. The performance of the SUs is 
examined in terms of the link maintenance probability, the switching delay, the 
expected number of spectrum handoffs and the non-completion probability. 
However, the model considers the spectrum handoff only in the licensed bands.  
In [61, 62] a new link maintenance model based on the reactive-decision 
spectrum handoff was proposed for CR systems. Interrupted secondary users 
perform spectrum sensing, spectrum selection and negotiate with the receiver to 
reach consensus on the target channel for spectrum handoff. In addition, a detailed 
performance analysis for the models was not presented. ‘Goodput’ is used as the 
performance measures to assess the proposed models. 
In [68], a proactive spectrum handoff model was proposed. This model 
supposes that secondary users are synchronised to hop over channels by using an 
identical hopping order. When two communicating secondary users establish a link, 
they stop temporally channel hopping and stay at the same channel until completing 
their transmission. When primary users return back to their channels, both of the 
communicating secondary users hop to the next channel and complete the interrupted 
transmissions. Simulation results proved that the implemented model outperforms 
some conventional spectrum handoff schemes in terms of the throughput, the 
average service time, the number of collisions, and the packet delivery rate. 
In [69], a proactive-decision spectrum handoff scheme was revealed. In this 
scheme, both of the secondary users (the transmitter and the receiver) arrange the 
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available common target channels for spectrum handoff, based on longer idle time 
duration. If the primary user returns to its channel, the communicating secondary 
users will try to ‘handshake’ with the channel which has the longest idle time 
duration. If the handshake fails, they will try this with the next channel on the list, 
and so on. If all handshake trials fail, then the spectrum handoff process also fails. 
As a consequence, this will minimise the probability of spectrum handoff failure. 
Simulation results show that the proposed scheme outperforms the random channel 
selection scheme in terms of the average number of handshakes trials until a 
successful trial. 
In [70], a new reactive-decision spectrum handoff scheme  was developed 
using fuzzy logic and neural networks in order to achieve efficient spectrum 
decision. The implemented scheme focuses on moving secondary users. Spectrum 
handoff was mainly due to the users’ mobility and the appearance of the primary 
users in the operating channels. By using the aforementioned approach, the accuracy 
in the decision making for spectrum handoff situations was improved to 100%. 
Besides the work presented in [70], [71] also proposed a spectrum handoff 
scheme that was based-on fuzzy logic. The proposed scheme can operate on both 
overlay and underlay access technologies. To avoid interference with the primary 
users, the transmission power of the secondary users was selected optimally and 
handoff decision making was incorporated with the knowledge of the transmission 
power, the data rate, and the average idle period. The scheme selects the channel 
with the highest expected idle period. Furthermore, the handoff process was mainly 
initiated by the appearance of the primary user, the unacceptable interference with 
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the primary user transmissions, and when degrading the QoS of the secondary user. 
The scheme assumes information regarding the primary user activity (i.e., expected 
idle period) will be offered by, what is called, the “spectrum server” or by 
calculations achieved by the secondary user itself. Obtained simulation results 
showed that the suggested scheme can reduce the number of handoffs compared with 
the random selection scheme. 
The work presented in [72] suggests an optimal handoff scheme. The proposed 
work also considers the moving secondary users. To reduce time to search for an idle 
channel in the case of the appearance of the primary user, the nearby secondary users 
will search for idle channels in a distributed, cooperative manner, and send searching 
results regarding primary user activity to the attended secondary user through the 
dedicated Common Control Channel (CCC). Traditionally, the secondary users 
decide that the target channel is based-on the following three factors: 
 The mean idle time 
 The probability of the channel idle  
 Or, the expected transmission time 
However, the proposed optimal handoff scheme combined the effect of all the 
individuals’ aforementioned factors. The provided simulation results show that the 
proposed scheme outperforms the conventional schemes, and can considerably 
reduce the switching handoff times.  
In [47], the two main spectrum handoff schemes, reactive and proactive based 
on spectrum sensing, are optimised and compared. The scheme adopted the 
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estimated spectrum handoff latency as a performance measure, a Preemptive Resume 
Priority (PRP) M/G/1 queuing model was provided to investigate which scheme is 
better under different traffic circumstances and sensing times. 
However, in our previous work [53] and its extension [56], the proposed 
proactive-decision spectrum handoff schemes provided the handoff secondary users 
with a higher priority over the new secondary users to utilise the available spectrum 
channels, but the target channel for spectrum handoff is only chosen from the 
licensed spectrum channels. The former work is conducted through extensive 
simulation experiments and is modelled using a PRP M/M/1 queuing network 
model. Whereas, the latter work is provided with the analytical model which is 
modelled using a PRP M/G/1 queuing network model. Regardless of the operating 
spectrum environment, the achieved results show remarkable improvements to the 
associated delay performance measures, compared with existing schemes.   
Additionally, in our work [58], a reactive spectrum handoff decision scheme is 
proposed in which interrupted secondary users have a higher priority over 
uninterrupted users to utilise the idle channel. In this scheme, interrupted secondary 
users do not use the sensing-based approach to search for backup channels in the 
case of the appearance of primary users in the operating channel. In other words, the 
sensing process is avoided in the new scheme in order to eliminate sensing delay 
from being included in the overall handoff delay. Instead, information regarding the 
instantaneous secondary users’ queue lengths can be provided by a centralised 
database to help interrupted users to choose the channel with the shortest queue 
length at the moment of interruption, in order to resume unfinished transmissions. 
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When an interruption event occurs, interrupted user request information regarding 
channels states from the base station, after receiving the information requested the 
user will chose the channel with the shortest queue.  Furthermore, a control channel 
is used to exchange handshaking RTS/CTS messages in order to reach consensus on 
the target channel between the communication SUs as explained in Section 2.9. 
Moreover, secondary users might choose to stay at the operating channel when the 
number of secondary users in all the channels is equal. The proposed scheme is 
modelled using a PRP M/M/1 queuing network model.  
However, all of the above mentioned licensed spectrum band models do not 
consider the unlicensed part of the spectrum band in the communication process. 
Therefore, they neglect the effect of the unlicensed spectrum bands on the behaviour 
of the secondary users, which can reduce the number of spectrum handoffs and, 
consequently, reduce the associated delays.  
Heterogeneous spectrum band models: In these models, licensed users can 
utilise only the licensed spectrum channels, whereas the unlicensed users can utilise 
both the unlicensed channels and, opportunistically, the vacant licensed channels 
temporally from licensed users. Some examples of this type are presented in [73, 74], 
and in their extensions [75] and [76], [77], and [78]. 
In [73, 74], and their extension [75], both licensed and unlicensed spectrum 
bands are used to improve the performance of the SUs. This has been done by 
allocating the licensed channels for initial and handoff usage, and the unlicensed 
channels as target channels for handoff. The proposed models in  [73, 74] are 
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analysed using the Markov chain technique and do not discuss the spectrum handoff 
process broadly. Instead, the system throughput, the blocking probability and the 
dropping probability of the secondary users were analysed. Whereas, [75] presents 
the spectrum handoff process comprehensively using a mathematical model to assess 
the performance of the proposed proactive-decision spectrum handoff model, in 
terms of the expected number of spectrum handoffs and the link maintenance 
probability. 
In [76], a mixed environment of licensed and unlicensed spectrum channels 
were used. If the arrived secondary user (SU) senses that all the channels are busy, 
the secondary user will join the retrial group and retry for service later, or it will 
leave the system for good. The Markov chain is used to investigate the performance 
of the secondary users and matrix analysis is used to derive the steady state 
probabilities of the system. Also, this model is an extension of the work presented in 
[74]. However, the spectrum handoff process is not discussed extensively in this 
model. Instead, the model investigated the performance of the SUs thoroughly in 
terms of the loss of probability and throughput.      
In [77], both the DSA with and without the queuing mechanism for the 
new/originating SUs are proposed and taken into consideration the random access 
environment. In this work, a Markov Chain technique is proposed to predict the 
performance of the suggested model in a mixed spectrum environment consisting of 
licensed and unlicensed spectrum bands. The proposed work considerers the 
interrupted probability, blocking probability and forced termination probability as 
the main performance measures to evaluate the work. However, the queuing 
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mechanism is not used with interrupted secondary users and the spectrum handoff 
operation is not taken into consideration in this work. 
In [78], only the simulation model for fair and efficient MAC protocols and for 
QoS provisioning was suggested. In this model, the performance of a CR user 
working with the primary users on a heterogeneous spectrum environment of 
licensed and unlicensed spectrum channels is investigated in terms of the normalised 
throughput, the access delay and the dropping rate. 
However, to the best of the author’s knowledge, existing work in the licensed 
spectrum band and in the heterogeneous spectrum environment do not differentiate 
between handoff and new/originating secondary users as no priority has been given 
to handoff users in getting services, which leads to increase in the handoff delay and 
total service time of interrupted users. Furthermore, most previous work did not 
broadly discuss the issue of spectrum handoff operations in terms of the spectrum 
handoff delay; instead, previous work focuses on other performance measures such 
as system throughput, the blocking probability and the dropping probability of the 
SUs.
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  Chapter 3.
SPECTRUM HANDOFF MODELLING UNDER LICENCED SPECTRUM ENVIRONMENT 
 Introduction 3.1
Spectrum handoff plays a critical role in cognitive radio networks as it 
provides a reliable transmission for interrupted secondary users when the primary 
users return to their spectrum, and also helps the secondary users to resume their 
unfinished transmissions, either at the same channel or at another vacant channel. 
This can guarantee smooth and fast switching which leads to minimised performance 
degradation during a spectrum handoff [5]. 
Repeated spectrum handoffs can negatively affect the QoS for interrupted 
users by increasing the handoff delay and the total service time. Giving priority to 
handoff (interrupted) users over new (uninterrupted) users can show significant 
performance improvements. In some traditional wireless systems, [79-83] on-going 
(handoff) calls are assigned or given priority over originating (new) calls, since it is 
much less desirable and less tolerable to force the termination of calls in progress 
than to block calls which are yet to be connected. In this thesis, we borrow liberally 
from traditional wireless systems to argue that there should be a high priority level 
assigned to handoff (interrupted) users over new (uninterrupted) users. By giving 
such priority to the handoff users, this means the handoff users will be served before 
any uninterrupted users. For example, in real time applications, there is an acceptable 
limit on the handoff delay and any transmission exceeding this limit will be dropped 
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which can degrade the QoS. But, by adopting our prioritising principal, this can 
compensate the handoff delay resulting from multiple interruptions and consequently 
reduced the handoff delay which leads to improvement on the QoS.   
 Switching and Non-switching Spectrum Handoff 3.1.1
In the context of cognitive radio networks, a handoff means the transition of a 
spectrum from a low priority user (secondary user) to the spectrum’s owner (primary 
user). However, in cognitive radio networks, the term “handoff” does not necessary 
indicate spectrum switching. Hence, two types of spectrum handoffs are identified in 
CRNs, namely: switching spectrum handoff, and non-switching spectrum handoff, as 
illustrated in Figure 3.1. 
                      
Figure 3.1: Handoff process in CRNs. 
This chapter proposes and implements queuing network models to investigate 
the effects of repeated spectrum handoff delays on the total service time in cognitive 
radio networks. This work is an extension of our previous works [53]. The 
Spectrum Handoff in CRNs 
Switicing Handoff Non-switching Handoff 
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implemented schemes are validated against a simulation and are compared with 
existing handoff schemes through extensive simulation experiments. 
From the author’s knowledge, existing work does not give priority to 
interrupted secondary users over uninterrupted ones, with respect to transmission 
resumption in the new channel. However, existing work gives such priorities in cases 
where interrupted users choose to wait (stay) at the operating channel to resume their 
unfinished transmissions. This means that interrupted users who decide to change 
their operating channel will have to wait in a queue until all primary users receive 
their services. Furthermore, interrupted secondary users are subjected to join the tail 
of the secondary users’ queue of the new channel; of course this will incur extra 
delay to interrupted users and will increase their handoff delay and total service time. 
However, by giving higher priority to interrupted secondary users in order to utilise 
the idle channels, the handoff delay and the total service time can be reduced. This, 
in turn, will improve the QoS of the interrupted secondary users.  
 Spectrum Decision Handoff Modelling 3.2
In cognitive radio networks, the spectrum mobility function aims to help the 
secondary users select the best channel(s) to send and receive their data in the case of 
spectrum handoff. Up till now, there has been limited attention given to the 
performance analysis of spectrum mobility in CR networks using analytical models. 
This is in light of the importance of analytical modelling for performance analysis, 
and its ability to provide a useful interpretation of the process of spectrum mobility. 
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There have been several earlier studies conducted to evaluate the total service 
time of SU transmissions in cognitive radio networks. In [52] and its extensions [64] 
and [84], a preemptive resume priority (PRP) M/G/1 queuing model is proposed for 
proactive-decision spectrum handoff. In [84-86], the interrupted communication of 
secondary users on a particular channel is resumed on the same channel when the 
channel becomes idle. Conversely, although interrupted secondary users in all 
existing models that allow interrupted users to change their operating channel after 
an interruption event occurs, such as [66], [64], no priority is considered for 
interrupted users over the existing secondary users to resume unfinished 
transmissions in the new target channel. In this case, the most common disadvantage 
is the delay resulting from the repeated spectrum handoffs.    
 Proposed Spectrum Handoff Model 3.3
 System Model 3.3.1
In this model, we adopted a cognitive radio network with a time-slotted system 
as shown in Figure 3.2. Each user divides its data into equal-sized time slots. Each 
time-slot is divided into two parts; the first part is for spectrum sensing and the 
second is for data transmission. When a secondary user starts transmitting in a 
channel, this channel must be sensed (monitored) periodically in every time slot. If a 
SU senses, during the first part of the slot, that the present channel is idle, 
transmission will be commenced in the second part of the slot. However, in general, 
if the current channel is busy, a spectrum handoff procedure must be performed to 
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help the interrupted user to resume the unfinished transmissions in an appropriate 
channel. 
The proposed system model suggests that primary users and secondary users will 
compete for utilising spectrum channels using access points (APs) for both uplink 
and downlink transmissions, as illustrated in Figure 3.3. The model consists of two 
independent wireless channels, as shown in Figure 3.4. Each wireless channel is 
comprised of three priority queues: low-priority queue (mainly for secondary users’ 
transmissions), high-priority queue (for primary users’ transmissions), and handoff 
(HD) queue (for interrupted users’ transmissions).  
The queues are modelled with infinite length for simplicity. In addition, a 
Preemptive Resume Priority (PRP) M/G/1 queuing model is proposed to manage the 
spectrum handoff procedure. 
 
 
         
Figure 3.2: Time slot structure of the secondary networks. 
PUs will preempt the transmission of secondary users at the moment of their 
arrival if they find that their channels are being used by secondary users. The 
interrupted SU will pause its transmission in the operating spectrum immediately and 
continues in another available spectrum channel. The preemption priority queue 
characterises the inherent traffic structure in CRNs as it gives a right to spectrum 
Data Transmission  Sensing  
 CHAPTER 3. – PROACTIVE DECISION SPECTRUM HANDOFF MODELLING  
 
46 
 
owners (PUs) to interrupt the secondary users’ transmissions at the time of their 
arrival. Based on this model, we proposed prioritised proactive spectrum handoff 
decision schemes. This scheme gives higher priority to interrupted secondary users 
to utilise idle channels over existing uninterrupted SUs, which improves the handoff 
delay and the total service times.   
 
  
 
 
 
 
 
 
Figure 3.3: Proposed CR network scenario. 
Some preliminary properties for the PRP M/G/1 queuing network model are listed 
below: 
 The low-priority (secondary) users and the high-priority (primary) users will 
arrive at their default channel, say k, according to the Poisson processes with 
mean rates of and , respectively. If the channel is busy, then the arrived 
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users will wait in their corresponding queues until it becomes idle. In addition, 
their service times are generally distributed with mean of  and
 
, respectively.  
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.4: Proposed (PRP) M/G/1 queuing network model where n 
denotes n
th
 interruption. 
 Primary users have a higher priority over secondary users to utilise the two 
wireless channels. Therefore, primary users will interrupt (preempt) the 
secondary users’ transmission when they arrive and find their default channels 
being used by secondary users. Within the primary users’ class, PUs will 
compete to utilise the default frequency channels on the basis of the first-come-
first-served (FCFS) scheduling algorithm at each channel. Handoff secondary 
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users will be served after all primary users, and before any other uninterrupted 
secondary users already waiting in the low-priority queue of the channel.  
 Interrupted users will arrive at their target channel, say k, according to the 
Poisson process, with a mean rate of  and an effective transmission time 
with a mean , where i ≥ 1. 
 Interrupted users will stay or change their operating channel depending on the 
adopted spectrum handoff scheme.  
 Interrupted secondary users will be put into the handoff-priority queue in the 
target channel and will be served on a FCFS basis before any uninterrupted 
secondary users. 
 Examples for Various Spectrum Handoff Decision Schemes 3.3.2
To investigate the performance of the proposed proactive spectrum handoff 
decision schemes, we presented other various existing schemes and compared them.  
In this section, the effect of multiple spectrum handoffs in Total Service Time 
(TST) and Handoff Delay (HD) will be explained through the timeline illustrated in 
the next figures. TST is defined as the period from the moment of launching the 
transmission up to the point of completing the transmission [52, 64, 84]. Whereas the 
HD is defined as the period from the point of pausing the transmission until the 
moment of resuming the transmission [47]. In the case of an interruption, the 
spectrum handoff procedure will be initiated immediately. However, the interrupted 
user will choose the target channel according to one of the following handoff 
schemes to resume unfinished transmissions: 
( )
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3.3.2.1 Non-switching-handoff Spectrum Decision Scheme  
In this type of scheme (also known as a Non-handoff scheme), the interrupted 
secondary user will stop transmitting, stay in the original channel at the interrupted 
secondary user’s queue, and wait until the primary user finishes  transmitting all of 
its data [64]. This technique is like the non-hopping approach of IEEE 802.22 [57, 
59]. 
Figure 3.5 illustrates spectrum handoffs which are described in detail as 
follows: 
 Initially, a secondary user SU1 starts to transmit its data on its default channel 
CHn to SU2, where n=1, 2 ... 
 After this, when a primary user arrives at the same channel, because it is its 
default channel, it will interrupt the transmission of SU1, and then the non-
switching-handoff procedure will be initiated. SU1will stay at the same channel 
and join the head-of-line (HOL) of the SUs’ queue to resume unfinished 
transmissions after the primary user finishes its transmission. However, some 
other primary users may arrive during the period of the waiting time of SU1. 
Upon completion of the primary users’ transmission, SU1 will immediately 
resume its unfinished transmission. Hence, handoff delay here is the waiting 
time for interrupted users, which is exactly equal to the busy period (Yp) 
resulting from the primary users in the same channel. 
 After each interruption, the same handoff procedure will be repeated until SU1 
finishes its data transmission. 
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Figure 3.5: Non-switching handoff process. 
3.3.2.2 Switching-handoff Spectrum Decision Scheme 
In this switching scheme (also known as handoff scheme), whenever the 
secondary user faces interruption, it will have to change its operating channel until it 
has finished transmitting all of its data [64]. Clearly, successive channel switching 
would increase the average handoff delay for the interrupted users, which could 
degrade the quality of service of secondary users. This is because handoff users 
might find the others channels busy and they have to wait at their queues before they 
can resume their service again, consequently, this will increase the handoff delay as 
well. The switching-handoff procedure described in this process is shown in Figure 
3.6:  
 In the beginning, SU1 initiates data transmission in its default channel CH1 to 
SU2. 
 When the first interruption occurs, the switching-handoff procedure will be 
initiated to change the operating channel to CH2. Since, CH2 is idle, SU1 will 
resume transmission immediately. In this case, the handoff delay is just the 
channel switching delay (Tsw).  
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 In the second interruption, the target channel CH1 is busy. As discussed earlier, 
by applying our prioritised principle, SU1 can only get service if all the other 
primary users in the primary users’ queue of CH1 and any other previously 
interrupted users have been served. However, the old switching-handoff scheme 
[52, 64] does not differentiate between interrupted and uninterrupted secondary 
users, as it serves them in a FCFS fashion which increases the  handoff delay 
and the total service time of the interrupted users. In both models, the handoff 
delay is the sum of the switching delay (Tsw) and the waiting delay (Ws).  
 This procedure will be continued until SU1 finishes sending its data. Here the 
operating channel will be changed continuously between CH1 and CH2, which 
significantly increases the handoff delay and the total service time of the 
interrupted secondary users; especially at high PUs arrival rates. This effect can 
be minimised by giving a higher priority to the interrupted users to finish their 
transmission before any of the other uninterrupted secondary users in the new 
channel. By introducing this prioritised principle, perhaps unsurprisingly, the 
QoS of the interrupted users can be improved. 
3.3.2.3 Random-handoff Spectrum Decision Scheme 
In this scheme, the spectrum handoff procedure will randomly select a target 
channel for the spectrum handoff from available channels [52]. Since two wireless 
channels are assumed in this work, there is equal probability (50%) to choose either 
to stay at the same transmission channel or to change to the other channel. However, 
the handoff delay and the total service time can  be  calculated  in  the  same  way  as  
in  the previous  handoff  schemes. In fact, the proposed prioritised principle will 
 CHAPTER 3. – PROACTIVE DECISION SPECTRUM HANDOFF MODELLING  
 
52 
 
give a higher priority to interrupted SUs to resume transmission as explained in the 
switching-handoff procedure. 
In this scheme it is assumed that the sender (SU1) will generate a list of target 
channel sequences randomly for spectrum handoff and send it to the receiver (SU2) 
during the connection setup time. As a result, there will be no need for any 
handshaking time (Tha), which is the time taken to reach consensus on the target 
channel between SU1 and SU2. 
 
Figure 3.6: Switching-handoff process. 
3.3.2.4 Reactive-handoff Spectrum Decision Scheme 
In [57, 59], the spectrum sensing delay refers to the time it takes, such that the 
interrupted secondary user finds an idle channel for transmission after an interruption 
event occurs. It is clear that the sensing delay plays a major role in this type of 
handoff scheme since it increases the handoff delay and the total service time.  
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In this type of scheme, the interrupted users will perform wideband sensing for 
some time, say Tse, to search for candidate idle channels. If they find more than one 
idle channel, then the handoff procedure will randomly select one out of those 
channels to resume the transmission. In the case where there are no idle channels, 
interrupted SUs will have to wait at the head-of-line of the SUs’ queue of their 
operating channel until the channel becomes idle [57, 59]. Indeed, sensing delay is 
directly proportional to the number of candidate wireless channels to be sensed, i.e., 
if it takes c time units to sense one wireless channel, we need nc time unites for 
sensing n channels. However, when a secondary user senses a small number of 
candidate channels, this can lead to a minimised total service time. On the other 
hand, it is more difficult to find a free channel when sensing a small number of 
channels and consequently the handoff delay as well as the total service time could 
be increased [87, 88]. Perhaps it is also worth considering the handshaking time (Tha) 
to reach consensus on the target channel between the communicating SUs. 
Essentially, these delays should be added on to the previous delays mentioned in 
order to evaluate the total service time.   
In general, the sum of sensing time (Tse), handshaking time (Tha) and switching 
time (Tsw) is known as the total processing time. Since the interrupted secondary 
users may stay or change their operating channel depending on other channels’ 
conditions, two types of processing time can be defined. The first type is Tpr-stay, 
which is associated with the ‘stay’ case, and the second is Tpr-change, which is 
associated with the ‘change’ case: 
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 Equation 3.2 implies switching time as the interrupted secondary users change 
their operating channels. If the switching time is assumed to be zero, then the total 
processing time (Tpr) is: 
In this reactive model of the spectrum handoff decision, the prioritised 
principle is not applicable because the interrupted user will only change its operating 
channel to an idle target channel. For the other types of spectrum handoff schemes, 
the handshaking time does not exist because the target channel for spectrum handoff 
is already determined before the communication starts between the intended 
secondary users. In other words, both communicating SUs know in advance the 
target channel for resuming the transmission when an interruption event occurs, thus, 
they switch together to the target channel without any handshaking time.  
 Spectrum Handoff Analytical Modelling 3.4
We apply the preemptive resume priority (PRP) M/G/1 queuing network 
model shown in Figure 3.4 to derive the closed form expression for the total service 
time for the newly implemented (switching-handoff and random-handoff) schemes. 
 
 
 3.1 
  3.2 
  3.3 
pr stay se haT T T  
pr change se ha swT T T T   
pr pr stay pr changeT T T  
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In these models, the effective transmission time is an important parameter. It is 
defined as the time from starting the transmission or resuming communication until 
the time an interruption event occurs. In addition, let  and  be the initial 
arrival rates of the secondary users’ and the primary users’ connections to their 
default wireless channel k, respectively; both arrival rates are modelled by the 
Poisson processes. Also, let  and be their service time distributions, 
with means  and , respectively. We take into consideration the 
effect of the traffic load of the interrupted secondary users coming from other 
wireless channels on each channel, i.e. a secondary user with i interruptions (i ≥ 1) 
will arrive to target channel k with rate  and effective transmission time 
with a mean , to resume its unfinished transmission. Note that, SU’s 
parameters with zero interruptions (i = 0) are denoted with , , etc. 
The detection of newly arrived primary users is assumed to be perfect, which 
means no false alarms. In addition to this, there is an infinitesimal delay for the SU 
to terminate transmission so that the existence of the secondary users is virtually 
transparent to that of the primary users. 
The primary and secondary users’ utilisation factors are defined as: 
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k k k
ppp
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3.4 
and 
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k k k
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respectively, and the aggregate system utilisation is given by: 
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3.6 
For simplicity, we suppose that all the channels are identical and have the same 
traffic parameters. So, dropping the notation (k) in all system parameters yields: 
 
 
3.7 
The necessary and sufficient conditions for system stability are: 
    ,  and,   
Let us assume that E[Xs] is the average service time, E[D] is the average 
handoff delay, and  E[N]  is the average number of interruptions for a secondary 
user’s connection during a period of E[Xs]. The total estimated service time of the 
secondary users is defined [52, 64] as: 
  3.8 
The second term in 3.8 refers to the average cumulative handoff delay 
(E[Dcum]), i.e., 
  3.9 
Thus, 
  3.10 
where, E[N] can be expressed as: 
  3.11 
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 New Switching-handoff Model 3.4.1
Let Qp be the mean number of primary users in the high priority queue, and Qi 
be the mean number of secondary users in the interrupted SUs’ priority queue with i 
interruptions (i ≥1). Then the mean waiting time (Ws) that the interrupted secondary 
users have to wait before receiving the service can be expressed as follows:  
 
  
3.12 
The first term in Equation ‎3.12 (Rs) represents the residual service time of the 
user (primary or secondary) in service upon a secondary user’s arrival, whereas the 
second term represents the service time obtained due to existing interrupted 
secondary users with i interruptions in the interrupted users’ queue. The third term 
describes the service time resulting from the primary users in the high-priority 
queue. Finally, the last term represents the time that a secondary user has to wait due 
to the primary users’ arrival before commencing its service. The next steps will 
derive the first two parts of Equation ‎3.12 one by one. 
The first term Rs can be derived as follows: 
 
  
3.13 
Where, the first term of Equation 3.13 represents the residual service time for 
the primary user and the second term represents the residual service time for the 
secondary users with i interruptions.  
From [52, 64],  and  (both based on exponential distribution) can 
be expressed as: 
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3.14 
 
 
3.15 
Substituting Equations 3.14 and 3.15 into Equation 3.13 yields: 
 
  
3.16 
We assume the service time of the secondary users and the primary users 
follow the exponential distribution i.e., and 
with the mean  and , respectively. As a consequence the 
remaining service time of the interrupted secondary users’ connection also follows 
the identical exponential distribution. 
For simplicity we assume that: 
 
 
3.17 
Then, substituting the expression 3.17 into Equation 3.15 yields 
 
 
 3.18 
Thus, Rs can be rewritten as: 
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Using the well-known series: 
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3.20 
 
Again, we can rewrite Rs  as follows: 
 
 
  
3.21 
After some simplifications we get: 
 
  
3.22 
and, using  ρs = λs/µs , we have: 
 
 
3.23 
According to Little’s law, Qi in the second term of 3.12 can be expressed as: 
 
  
3.24 
 where, 
          where i ≥ 1 3.25 
and Ws is the mean waiting time of the secondary users. 
By substituting Equation 3.15 into 3.24 we get: 
 
 
3.26 
According to [52, 64], E[Xi] is determined as: 
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3.27 
Thus, 
 
 
  
3.28 
Since C = λp /( λp  + µs ) 
 
  
3.29 
Using the series: 
 
 
3.30 
Therefore, 
 
  
3.31 
After some manipulations we can derive the following formula: 
 
 
 
3.32 
By substituting the value of Qp obtained from [52, 64] in 3.12, the third term of 
3.12  can be rewritten as: 
 
 
  
3.33 
By substituting 3.23, 3.32 and 3.33 into 3.12 we can get: 
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3.34 
Where, , after some simplifications, 3.34 can be rewritten as: 
 
 
 
3.35 
The handoff delay in this case is the sum of the waiting delay and the channel 
switching delay: 
 
 
3.36 
Or, 
 
 
 
3.37 
Also, putting Equation 3.37  into Equation 3.9, cumulative handoff delay can be 
estimated as: 
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3.38 
In general, the total service time is expressed as: 
 
 
 
3.39 
Finally, the total service time can be found by substituting Equation 3.35  into 
Equation 3.39 as: 
 
 
 
 
 
 
3.40 
The proposed spectrum handoff scheme belongs to the proactive decision 
approach, due to the fact that target channel for resuming the transmission in case of 
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appearing of the PU is known in advance, since we assume only two channels in this 
model.    
 Random Handoff Model 3.4.2
Considering the switching-handoff scheme and the non-switching-handoff 
scheme, [52] determines the total service time for random handoff as follows: 
Where, Yp  is the primary users’ busy period in each wireless communication 
channel. 
In this type of spectrum handoff, a target channel for resuming interrupted 
transmission will be selected uniformly among available channels. In fact, this 
formula can be applied to compute the total service time of our new random model 
by substituting the value of Ws derived in Equation 3.35 into Equation 3.41. The only 
difference between the two models resides in the queue disciplines, as we proposed 
the priority principle, and definitely this will not affect the way of calculating of 
E[T]. 
In this scheme, we suppose that the sender sends a random selected list of the 
target channels for spectrum handoffs to the receiver in the connection establishment 
time (proactive-decision).  
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 Simulation and Numerical Results 3.5
In this section we present the simulation results that have been achieved using 
the discrete event simulator (MATLAB) tool to analyse the cumulative handoff 
delay. Table 3.1 summarises various implemented handoff models with 
corresponding features. A summary of simulation parameters are shown in Table 3.2. 
          Model-Name                      Symbol       Decision’s Behavior 
Non-switching-handoff NSWH  
 
Proactive 
 
Old Switching-handoff SWH-OLD 
New Switching-handoff SWH-NEW 
Old Random-handoff RAH-OLD 
New Random-handoff RAH-NEW 
Reactive-handoff REH Reactive 
Table 3.1: Implemented handoff models. 
 
 CHAPTER 3. – PROACTIVE DECISION SPECTRUM HANDOFF MODELLING  
 
65 
 
Parameter Symbol Value(s) 
PU arrival rate      λp 0.05-0.30 
SU arrival rate λs 0.15 
PU service rate μp 0.60 
SU service rate μs 0.40 
Table 3.2: Simulation parameters. 
The presented simulation results cover a high range of channel utilisation (up 
to ~90%) according to the simulation parameters shown in Table 3.2.  
 Simulation Setup 3.5.1
In order to evaluate the performance of the proposed handoff schemes, we 
carried out an extensive number of simulation experiments for different PUs arrival 
rates and PUs and SUs service rates. We considered a cognitive radio system with 
two wireless channels and each of these wireless channels is assumed to be collision-
free. We neglected the effect of Tsw and Tha. In this thesis, a 95% confidence interval 
(which mean that 95% of simulation results will be situated in its range) is used to 
evaluate the accuracy of the achieved results. The simulation is executed 6 times and 
in each simulation round 2 million arrival events are generated. The average of those 
simulation results is used to draw the graphs. As a result the accuracy in drawing the 
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graphs is very high and the variations are not visible because they are very small in 
most graphs.  In addition to this, we assumed that secondary users had the ability to 
perfectly sense the available spectrum bands, meaning that the detection of PUs is 
perfect. 
 Performance Calculations 3.5.2
In general, for simulation experiments the average total service time E[T] can 
be calculated for each wireless channel using the following formula 
 
 
3.42 
The average handoff delay E[D] is just: 
 
 
3.43 
And the average number of interruptions E[N] can be defined as: 
 
 
3.44 
It is worth noting that, here, the term Tpr in Equations 3.42 and 3.43 is a 
general term and should be defined carefully and separately for each of the spectrum 
handoff schemes. For example, in proactive handoff schemes, the sensing delay 
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should be zero. Alternatively, the switching delay in a non-switching handoff 
scheme does not exist at all. In order to achieve credible simulation results, the 
average statistics of the two channels have been taken in order to draw the figures.  
 Numerical Results 3.5.3
The numerical results presented in Figure 3.7 to Figure 3.14 show comparisons 
between analytical and simulation results. In general, from the graphs, it is clear that 
the analytical and simulation results are approximately the same in the case of 
NSWH, SWH-OLD, RAH-NEW, and REH schemes. On the other hand, the 
remaining schemes (SWH-NEW and RAH-OLD) give very close results, especially 
at low PUs arrival rates of about (0.05-0.20) and (0.05-0.15), respectively. Above 
these ranges, the difference between the two curves increases as the PUs’ arrival rate 
increases. 
 
Figure 3.7: Non-switching handoff scheme. 
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Figure 3.8: Old switching-handoff scheme. 
 
Figure 3.9: New switching-handoff scheme. 
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Figure 3.10: Old random-handoff scheme. 
 
Figure 3.11: New random-handoff scheme. 
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Figure 3.12: Reactive-handoff scheme (Tse=0). 
 
Figure 3.13: Reactive-handoff scheme (Tse=0.7). 
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Figure 3.14: Reactive-handoff scheme (Tse=2). 
Figure 3.15 compares the performance of the reactive-handoff decision 
schemes (REH) for a range of sensing delay values (Tse). The graph shows that, as 
the sensing time increases, the cumulative handoff delay increases.  
Figure 3.16 and Figure 3.17 show that the switching-handoff (SWH-NEW) and 
random-handoff (RAH-NEW) models implemented with the prioritised criteria 
outperform their old corresponding schemes (SWH-OLD and RAH-OLD) for every 
PUs’ arrival rate. For example, when PUs’ arrival rate is 0.3, the SWH-NEW scheme 
can significantly improve the cumulative handoff delay by 65% (Figure 3.17) and 
the RAH-NEW scheme considerably by 60% (Figure 3.17). This is the case as the 
interrupted users in the new models precede any uninterrupted users in the receiving 
service. This will decrease the cumulative handoff delay for the interrupted 
secondary users. 
0.0
0.5
1.0
1.5
2.0
2.5
3.0
3.5
4.0
0.05 0.10 0.15 0.20 0.25 0.30
C
u
m
u
la
ti
v
e 
H
an
d
o
ff
 D
el
ay
 
Primary Users Arrival Rate 
REH (Analytical, Tse=2)
REH (Simulation, Tse=2)
 CHAPTER 3. – PROACTIVE DECISION SPECTRUM HANDOFF MODELLING  
 
72 
 
 
Figure 3.15: Reactive-handoff scheme with different values of Tse. 
 
Figure 3.16: Comparison between old and new switching-handoff schemes. 
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Figure 3.17: Comparison between old and new random-handoff schemes. 
Figure 3.18 compares the performance of the reactive-decision schemes (REH) 
for a range of sensing delay values (Tse) with SWH-NEW and RAH-NEW. As it is 
shown, when Tse=0 (not realistic), the reactive scheme achieves the shortest 
cumulative handoff delay for all the PUs' arrival rates. However, in general, as the 
sensing delay increases, the reactive model performs poorly compared with other 
proactive models. For example, when Tse=2.0 for the majority of the PUs’ arrival 
rates (0.05-0.27), the REH scheme shows the worst performance in terms of 
cumulative handoff delay. 
Finally, Figure 3.19 compares NSWH, SWH-NEW, RAH-NEW, and REH 
(Tse=0.7). The results show that for the PUs arrival rate of 0.05-0.20, SWH-NEW 
performs the best. However, for the remaining range, NSWH provides the best 
performance. It is perhaps unsurprising that for lower PUs’ rates, the target channel 
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is more likely to be in an idle state, the waiting delay will be decreased which, in 
turn, reduces the cumulative handoff delay. This could arguably be the reason why 
SWH-NEW performs better than the other schemes. However, for the higher PUs’ 
arrival rates, the opposite is true and NSWH shows a better performance.  
 
Figure 3.18: Comparison of reactive scheme for different values of sensing delay 
with new proactive schemes. 
Figure 3.20 shows the effects of the secondary users’ service rate  on the 
cumulative handoff delay ( ), when considering the SWH-NEW scheme. 
From the graph, it is clear that  increases as    decreases.  This can 
be interpreted as: when the rate of    decreases, the average service time  
increases, thus, , therefore, the secondary user in service will be 
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interrupted with a high probability, which leads to an increase in the cumulative 
delay. 
 
Figure 3.19: Performance of various handoff schemes. 
Figure 3.21 shows the effects of the primary users’ service rate  on the 
cumulative handoff delay, in the case of the SWH-NEW scheme. Again, from the 
graph, it is clear that  increases as  decreases. This can be understood as, 
when the rate  decreases the average service time  increases, since,
, therefore,  the  interrupted  secondary users in their associated queues 
will wait for long periods before the channel becomes idle, which leads to an 
increase in the cumulative delay.  
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average cumulative handoff delay. In general, each application has some delay 
requirements which should not be exceeded to maintain required level of QoS. 
Suppose for an application the maximum acceptable level of average handoff delay 
is 0.002. Assume that ,  and . Figure 3.22 
shows an admission region to control the handoff delay. When , 
secondary users’ arrival rates become higher than 0.005, which restrict the handoff to 
occur in order to satisfy the delay constraint. In another scenario, when 0.001p , 
the CR network can nearly accept all arriving secondary users. For the given 
parameters, arriving secondary users are only accepted when ( 0.0060  p ).An 
effective policy for controlling handoff delay can be easily designed based on 
various control techniques, such as call admission control mechanisms [89, 90] and 
the p-persistent carrier sense multiple access protocol (CSMA) [91].  
 
Figure 3.20: Effect of SUs service rate on the cumulative handoff delay. 
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Figure 3.21: Effect of PUs service rate on the cumulative handoff delay. 
 
Figure 3.22: Admission region. 
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 Summary   3.6
In this chapter, we presented a prioritised proactive decision handoff scheme in 
cognitive radio networks. Existing work does not consider any preferences for 
interrupted secondary users to resume their unfinished transmission on the target 
channel under the case of a handoff process. The proposed prioritised schemes 
provide the interrupted secondary users with a higher priority to utilise unused 
licensed channels. Results confirm that our proposed prioritised schemes reduce the 
cumulative handoff delay and hence the total service time of the interrupted 
secondary users. 
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  Chapter 4.
NON SENSING-BASED SPECTRUM HANDOFF MODELLING 
 Introduction 4.1
In cognitive radio networks (CRNs), spectrum handoff procedure will be 
initiated and performed whenever the spectrum owner returns to its licensed band. 
Accordingly, operating secondary users (SUs) working in that band have to leave the 
band immediately and transfer to another idle band. The quality of the on-going 
communication can be degraded by this. In fact, simple spectrum handoff strategies 
can accomplish reasonable performance for various communication desires, whereas 
more innovative adaptive strategies are essential to achieve the highest benefit. In 
general, spectrum handoff can be implemented using two different strategies: 
reactive spectrum handoff and proactive spectrum handoff, as explained in the 
previous chapters. In the reactive-decision spectrum handoff approach, interrupted 
secondary users perform channel search for a backup channel in an on-demand 
manner once detecting the primary users’ (PUs) return to the current operating 
channel. Mostly, instantaneous wideband spectrum sensing will be performed to help 
the secondary users search for idle channels in order to resume their unfinished 
transmission. The advantage of such a reactive approach is that sensing results are 
accurate. Nevertheless, the cost of this accuracy is the longer handoff delay and 
greater power consumption [92]. Sensing delay refers to the time period that the 
interrupted secondary user spends until finding an idle channel for transmission after 
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an interruption event happens [35, 57, 59]. What is more, sensing delay widely 
depends on the number of channels to be sensed. As a consequence, sensing delay 
plays a key role in this type of spectrum handoff scheme as it increases the handoff 
delay and the total service time. 
 Proposed Spectrum Handoff  4.2
In cognitive radio networks, the spectrum agility functionality aims to support 
the secondary users selecting the best channel(s) to send and receive their data in 
case of the spectrum owners’ return to their licensed bands. This process is called 
spectrum handoff. Spectrum handoff is considered as a very big issue in cognitive 
radio networks. 
As mentioned before, generally, spectrum handoff approaches can be 
categorised into two key approaches from the point of view of the decision timing 
for choosing the goal channel for future spectrum handoffs: proactive-decision 
spectrum handoff and reactive-decision spectrum handoff [47, 48]. The goal channel 
is the channel on which the transmission of the interrupted secondary user will be 
continued in after discovering the return of the spectrum owner (PU) to the current 
operating channel. Seamless spectrum handoff is achieved, which is smooth and fast 
without performance degradation during handoff events, which can be a very 
difficult issue. In general, the performance decreasing problem is associated with the 
handoff delay. The more handoff delay, the more degradation on the performance. 
The former approach has been discussed broadly in Chapter 3, and new schemes 
have been implemented and compared with other existing schemes. There have been 
several earlier researches on the latter approach, reactive-decision spectrum handoff. 
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In [35, 57, 59], the corresponding reactive-decision handoff scheme is basically the 
sensing-based scheme and is expressed in detail in Chapter 3, too.  However, sensing 
delay plays the most important role in this type of handoff scheme. In general, in 
such a scheme, handoff users will perform wideband spectrum sensing for some time 
to search for candidate idle channels; if there is more than one empty channel, then 
the handoff procedure will choose at random one out of those channels to continue 
the transmission. In case there is no idle channel, interrupted SUs will have to wait at 
the SUs’ queue of the working channel until the channel becomes idle again [35, 57, 
59]. The problem here is that when the number of channels which handoff users have 
to sense is high, in this case, the sensing time will be high as well because of the fact 
that the sensing time is directly proportional to the number of channels that have to 
be sensed. However, sensing a few of the nominee channels makes finding empty 
channels a hard task, even though it reduces the handoff delay.  
However, if it is assumed that the primary system provides the secondary 
system with some information regarding the current spectrum usage (such as 
expected duration of usage) by a centralised database [45], then the spectrum sensing 
time can be eliminated from counting the handoff delay which improves the 
performance of the secondary users. Moreover, there will be no need for the 
handshaking process as the target channel for spectrum handoff is known for the 
sender and the receiver. 
This work is an extension of our previous work [58]. However, the presented 
work in [58] is not supported by any of the results and no comparisons with other 
existing spectrum handoff schemes have been executed. Moreover, when we 
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compare the new reactive-decision suggested spectrum handoff scheme, with the 
existing sensing-based reactive-decision scheme, and with the other proposed 
schemes in Chapter 3, the new scheme shows an improvement in terms of 
cumulative handoff delay at most situations. 
 System Model 4.3
This chapter proposes a Preemptive Resume Priority M/M/1 queuing model to 
implement a cognitive radio network with two wireless channels, where the 
accessing point is implemented with a database service, as illustrated in Figure 4.1 
and Figure 4.2. In this model we examine the conditions in which the present 
transmission channel or the other channel should be used to resume the interrupted 
communications dependent on the state of the channels; namely, the secondary 
users’ instantaneous queue length. However, to estimate the state of each channel, a 
central controller will collect information regarding all of the SUs’ instantaneous 
queue length and stored them in a database service. 
Preliminary properties for the proposed PRP M/M/1 queuing network model: 
 SUs or PUs arrive at their default channel, i.e., k, according to Poisson 
distribution, with mean rates  and , respectively. 
 The service times are modeled by the exponential distributions, with mean rates 
of  and, , respectively.  
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Figure 4.1: Centralised entity with database service [93]. 
             
Figure 4.2: Proposed CRN network (where n denotes n
th
 interruption). 
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 Both classes of users will compete to utilise each channel on the basis of the 
PRP M/M/1 queuing disciplines.  
  Within the same class of users, SUs and PUs will compete to utilise the 
frequency channel on the basis of the FCFS order in each channel. Therefore, 
each wireless channel is assumed to be collision-free. 
  This model uses preemptive priority queue disciplines which characterises the 
inherent traffic structure in CRN’s.  
  PUs can preempt the transmission of secondary users. 
  Interrupted users arrive at their target channels with the mean rate  and 
finish their transmission with a mean effective transmission time .  
  The algorithm selects the goal channel depending on the shortest instant queue 
length of the secondary users. 
Note that, it is important to incorporate the instantaneous primary users’ queue 
length as well in determining the target channel for spectrum handoff. However, this 
is not practical in cognitive radio network since it is always assumed that no 
interaction is possible between the secondary users’ network and the primary users’ 
network, and the communications of the secondary users is totally transparent to the 
primary users [94]. 
 Spectrum Handoff Decision 4.4
It is impractical to execute the spectrum handoff procedure reactively 
according to the delay metric as decision factor, as the required goal of the 
application is to satisfy specified delay restrictions [95]. For example, one of the 
( )k
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challenges is how to know the instant queuing delay of the users in the queues at the 
moment of arriving exactly, in order to choose the channel with the shortest queuing 
delay. However, queuing delay can be estimated based on the number of users in the 
queue, as expressed in Little’s’ law as following: 
Where,  
λs:    Interrupted secondary users’ arrival rate. 
Ws:  Secondary users’ queuing delay. 
Ls:   Secondary users’ Mean queue length. 
As it can be seen from Equation 4.1, the queue length (Ls) is directly 
proportional with the queuing delay (Ws). Therefore, in this model, the instantaneous 
queue length of the secondary users is used as the key factor in determining the 
spectrum handoff decision. In other words, handoff secondary users will choose the 
channel with the shortest queue length in order to resume the interrupted 
communication. However, if the channels’ queues have the same queue length, then 
the interrupted users will stay at their operating channel to resume the transmission 
as soon as it becomes available. 
  4.1 

 ss
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 Experiments Setup 4.5
A Preemptive Resume Priority M/M/1 queuing model is proposed to 
implement a cognitive radio network with two identical wireless channels. In order 
to examine the performance of the proposed handoff model, extensive simulation 
experiments for various PUs’ arrival rates have been conducted using the MATLAB 
simulation package. Simulation parameters are stated in Table 4.1.  
Simulation parameters Symbol Value(s) 
PU arrival rate λp 0.05……..0.30 
SU arrival rate λs 0.15 
PU service rate μp 0.60 
SU service rate μs 0.40 
   PU arrival rate Increment ∆ 0.05 
Table 4.1: Simulation parameters and symbols. 
 Performance Calculations  4.6
In simulation experiments, to calculate the cumulative handoff delay E[Dcum] 
for each wireless channel, the following formula has been used:  
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 Where, Tsw represents the switching delay which is assumed to be very small 
and can be neglected. Whereas, E[N] represents the average number of interruptions 
which can be defined as: 
However, In order to achieve reliable simulation results, the average statistics 
of the two channels have been taken in order to draw the figures.  
 Results   4.7
Figure 4.3  to Figure 4.6 compare the performance of the proposed reactive 
spectrum handoff scheme with other handoff schemes. As expected, the proposed 
scheme can improve the performance of the suggested cognitive radio network in 
terms of the cumulative spectrum handoff delay. This is because the handoff 
secondary users choose the channel with the shortest instant queue length as a 
backup channel to resume their disturbed transmissions. Furthermore, the proposed 
scheme provides interrupted users with a higher priority over the new users to utilise 
the target channel. 
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The graphs draw the relationship between the cumulative handoff delay and 
the primary users’ traffic loads for various spectrum handoff schemes. Figure 4.3 
compares the existing reactive spectrum handoff scheme (which is denoted here as 
REH-OLD, also denoted as just REH in Chapter 3) under various given sensing 
times with the new implemented scheme in this chapter (REH-NEW). When we 
assume the idle case in which the sensing time is zero (Tse=0), which is unrealistic, 
REH-OLD outperforms REH-NEW for all primary user traffic loads. However, as 
the sensing time increases, the resultant cumulative handoff delay of REH-OLD 
increases as well. When the sensing time is set to 0.7, the two handoff schemes 
achieve approximately the same cumulative handoff delay for loads between (0.05-
0.25). On the other hand, REH-OLD has the lowest cumulative handoff delay for the 
other rest loads. For relatively high values of sensing time; i.e., 2 and 3, REH-OLD 
performs poorly compared to REH-NEW for all traffic loads and experiences 
average cumulative handoff delay up to 21% and 34% higher than what the REH-
NEW achieves. From the graph, it is clear that as the sensing time increases, the 
cumulative handoff delay of REH-OLD increases as well. This is a natural result as 
REH-OLD is a sensing-based algorithm and is affected directly by increasing the 
sensing time, whereas REH-NEW does not rely on sensing techniques.  
The proposed spectrum handoff scheme REH-NEW spends a period of time to 
access the database centre. According to [96], the database access time is 4 msec, on 
the other hand, it takes 160 msec [97] to sense only one wireless channel. 
Furthermore, it is mentioned in Subsection 3.3.2.4, the sensing delay is a cumulative 
parameter which means if the number of channels to be sensed is 10, then the 
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required sensing time to sense them is 1600 msec which is ten times the sensing time 
needed to sense one channel, and so on. As a result, the database access time can be 
neglected comparing with the channel sensing time.  
Figure 4.4 provides a comparison between REH-NEW and some other new 
spectrum handoff schemes that are implemented in Chapter 3, such as switching 
handoff (SWH-NEW) and random-handoff (RAH-NEW) schemes. From the graph, 
 
Figure 4.3: Comparison of new and old reactive handoff schemes 
under different sensing times.  
it is clear that SWH-NEW has the lowest cumulative handoff delay for the traffic 
loads between (0.05-0.18). Above 0.18, REH-NEW experiences low cumulative 
handoff delay compared with the other schemes, and thus can improve the average 
0.0
0.5
1.0
1.5
2.0
2.5
3.0
3.5
4.0
4.5
5.0
0.05 0.10 0.15 0.20 0.25 0.30
C
u
m
u
la
ti
v
e 
H
an
d
o
ff
 D
el
ay
 
Primary Users Arrival Rate 
REH-OLD ( Tse=3.0 )
REH-OLD ( Tse=2.0 )
REH-OLD ( Tse=0.7 )
REH-OLD ( Tse=0 )
REH-NEW
 CHAPTER 4 – REACTIVE-DECISION SPECTRUM HANDOFF MODELLING  
 
90 
 
cumulative handoff delay up to about 20% and 34% compared with RAH-NEW and 
SWH-NEW, respectively. This can be explained as: 
In the case of SWH-NEW, handoff users change their operating channel 
whenever an interruption event occurs - as explained in Chapter 3. However, at the 
low traffic loads of primary users (0.05-0.18), it is more likely to find the target 
channel in the idle state. As a consequence, the cumulative handoff delay will reduce 
in comparison with the other schemes. On the other hand, at the higher traffic loads, 
REH-NEW works better as SWH-NEW experiences high cumulative handoff delay 
because it is more likely for an interrupted secondary user to find the target channel 
in a busy state. As a result, interrupted secondary users have to wait at the 
corresponding queues which increase their cumulative handoff delay. Whereas, in 
the case of RAH-NEW, the scheme selects the target channel for spectrum handoff 
randomly and does not consider any real effective decision factors, hence, REH-
NEW performs better because of the fact that it considers the innovative rule to 
choose the target channel. 
Generally, at low traffic loads, there is not much of a difference between the 
performances of the three schemes. This is because the channels are not utilised most 
of the time and a high percentage of handoff users will not wait for very long in 
order to get service.  
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Figure 4.4: Comparison of various new handoff schemes.  
 
Figure 4.5: Comparison of new reactive-handoff scheme and other old 
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Figure 4.5 displays a comparison between the existing old handoff schemes 
(RAH-OLD and SWH-OLD) with the new proposed reactive scheme REW-NEW. 
The new proposed scheme proves to have the lowest cumulative handoff delay 
amongst the presented schemes in the graph. REW-NEW achieves cumulative 
handoff delay less than approximately 68% and 77% compared with RAH-OLD and 
SWH-OLD, respectively.  
Figure 4.6 compares the performance of the new reactive handoff scheme 
(REH-NEW) with the existing non-switching-handoff scheme (NSWH). The graph 
shows that at low and moderate traffic loads approximately between (0.05-0.22), 
REH-NEW performs better than NSWH, while above this range, NSWH shows an 
improvement in the cumulative handoff delay. In NSWH scheme, interrupted 
secondary users always stay at their operating channel in order to finish their 
transmission once the channel becomes idle (see Subsection 3.3.2.1). At the low and 
moderate traffic loads, the other channel is more likely to be in the idle state, and 
since NSWH is not allowed to change the operating channel, the interrupted users 
always have to wait whenever an interruption event occurs, which will increase their 
cumulative handoff delay. On the other hand, REH-NEW allows the interrupted 
users to change their operating channel and select the channel with the shortest 
queue length which will decrease their cumulative handoff delay. However, at high 
traffic loads, interrupted users in the NSWH scheme achieved the lowest cumulative 
handoff delay as it is most likely for the other channel to be in the busy state. Here it 
is important to note that in REW-NEW, the channel with the shortest secondary 
 CHAPTER 4 – REACTIVE-DECISION SPECTRUM HANDOFF MODELLING  
 
93 
 
users’ queue length does not always achieve the lowest cumulative handoff delay, as 
the primary users’ queues are not taken into consideration in counting the shortest 
queue length. For example, it might be the selected channel (of course, with the 
shortest secondary users’ queue) for spectrum handoff that has a number of primary 
users waiting for service bigger than the other channels have. Consequently, handoff 
users will encounter a long waiting time even though they select the channel with the 
shortest secondary users’ queue length. 
In general, as expected, the proposed scheme can improve the performance of 
the suggested cognitive radio network in terms of the cumulative spectrum handoff 
delay. This is because handoff secondary users choose the channel with the shortest 
instant queue length as a backup channel to resume their disturbed transmissions.  
 
Figure 4.6: Comparison of new reactive-handoff scheme and non-switching 
handoff scheme. 
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 Summary  4.8
In this chapter, a Preemptive Resume Priority M/M/1 queuing model is 
proposed to investigate the effect of the spectrum handoff strategies in the cognitive 
radio networks. Different spectrum handoff strategies are studied and compared 
quantitatively and qualitatively. The suggested scheme is designed to switch 
reactively between the current channel and the targeted channel at the events of 
interruptions depending on the shortest instant queue length. The comparison study 
shows that our novel scheme can improve the performance of the implemented 
cognitive radio network in terms of cumulative handoff delay.  
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  Chapter 5.
SPECTRUM HANDOFF MODEL UNDER SHARED HANDOFF-QUEUE  
 Introduction  5.1
By giving priority to handoff users, the QoS of the secondary users in the 
network will certainly improve. Sometimes, traffic conditions are different from 
channel to channel according to the random arrival process to each channel. For 
example, it is possible to find at a given time a channel with long low priority and/or 
handoff queues compared with the other channels’ associated queues. At the end, 
some uninterrupted users in a channel might have received service before some other 
interrupted users in another channel. From the queuing theory point of view, systems 
with a single common queue are generally believed to be fairer and more efficient 
than systems with separate queues in terms of delay and performance measures [12]. 
If we borrow this idea and incorporate it with the implemented model in the previous 
chapters, then it could compensate the random arrival process effect and therefore 
reduce the transmission latency of the handoff users and improve the spectrum 
utilisation of the network as well.  
In previous chapters, the suggested cognitive radio network was implemented 
with separate handoff queues for each wireless channel. In this chapter, a slight 
modification is applied to the proposed models in the previous chapters. Namely, the 
number of handoff queues is convergence to only one common queue instead of 
separate queues, as illustrated in Figure 5.1. The model consists of two priority 
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queues for each wireless channel: low-priority queues (mainly for secondary users’ 
transmissions), and high-priority queues (for primary users’ transmissions). 
Furthermore, a handoff queue (shared-queue) is a common queue and can serve the 
interrupted users coming from both the system channels.  
Our study shows that, by applying the general queue technique with FCFS 
queue disciplines to all the spectrum handoff schemes implemented in the previous 
chapters, they are converged to a single spectrum handoff scheme, as illustrated in 
Table 5.1 
The proposed spectrum handoff scheme is modelled using a Preemptive 
Resume Priority M/M/1 queuing network model. We compare the proposed model 
with the existing and new implemented models in the previous chapters. Achieved 
results approved that the shared-queue spectrum handoff model outperforms other 
models in terms of the total service time under the variation of the primary users’ 
traffic loads. 
 System Model  5.2
Some general basic properties of the shared-queuing spectrum handoff model 
are given in the following points:  
 Secondary users and primary users will arrive randomly with mean rates of  
and , respectively, according to the Poisson process. 
 On the other hand, they will departure after receiving exponential service times 
with mean rates of and, , respectively.  
( )k
s
( )k
p
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Figure 5.1: Shared-queue (SQ) spectrum handoff model (where n denotes n
th
 
interruption).  
 They will compete for exploiting available spectrum channels opportunistically 
based on the PRP M/M/1 queuing disciplines in which primary users will 
preempt the transmission of secondary users at the instance of their arrival if 
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 Within the same channel, SUs and PUs will contend to exploit the frequency 
channel based on preemptive queuing scheduling disciplines. Consequently, 
each wireless channel is assumed to be collision free. 
 Interrupted secondary users will arrive at the shared-queue (SQ) with a mean 
rate  and will finish their transmission with a mean effective transmission 
time , where i ≥ 1.  
 If any of the available channels is in idle state, namely the other wireless 
channel as it is assumed here that there are only two channels, then the 
interrupted user will resume its unfinished transmission in the idle channel, 
otherwise it will join the tail of the shared-queue and wait for service. 
 Interrupted secondary users at the head of SQ will be handled by the first 
available wireless channel according to the FCFS queue discipline - of course, 
after all the primary users in the high-priority queue of the selected channel - 
and before any secondary users in the low-priority queues of both channels.  
This means, the first secondary user at the SQ will be served by the first channel 
that completes servicing all of its primary users. This can done using the 
dispatching scheduler of the base station. We assume here the service time is 
much larger than the response time of the dispatching scheduler. So we ignore 
the effect of the response time. 
 The new model is categorised under the reactive spectrum handoff decision 
approach by its nature. In other words, at the moment of interruption, there is no 
ready target channel for spectrum handoff to complete the on-going 
transmission, as mentioned above.  
( )k
i
( )k
iE X  
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 Experiments Setup 5.3
The suggested cognitive radio network consists of two identical wireless 
channels and is modelled by a Preemptive Resume Priority M/M/1 queuing model. 
All simulation results presented in this part have been performed with the discrete 
event simulator (MATLAB) tool to analyse the total service time of the interrupted 
secondary users.  
Table 5.1summarises the various implemented spectrum handoff schemes in 
this and pervious chapters with related features, while,  
Table 5.2 summarises the simulation parameters that are used to achieve the 
presented results. 
 Performance Calculations 5.4
In general, the system average total service time E[T] for simulation 
experiments can be estimated using the following formula:  
  5.1 
Where, Tha is the handshaking time and Tsw represents the switching delay 
which are both assumed to be neglected. Whereas, E[Xs] and E[N] refer to the mean 
service time and the average number of interruptions of the secondary users, 
respectively. Hence, E[N] can be written as: 
 
  5.2 
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Ordinary model Equivalent shared-queue model 
NSWH (Proactive)  
 
 
REH-SQ (Reactive) 
SWH-OLD (Proactive) 
SWH-NEW (Proactive) 
RAH-OLD (Proactive) 
RAH-NEW (Proactive) 
REH-OLD (Reactive) 
REH-NEW (Reactive) 
 
Table 5.1 Implemented handoff models. 
Simulation parameters Symbol Value(s) 
                PU arrival rate λp 0.05-0.30 
               SU arrival rate λs               0.15 
               PU service rate μp               0.60 
               SU service rate μs               0.40 
PU arrival rate Increment  ∆               0.05 
 
Table 5.2 Simulation parameters. 
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 Results  5.5
As it can be seen from Figure 5.2 - Figure 5.6, a comparison study has been 
conducted in order to investigate the performance of the new spectrum handoff 
scheme which was implemented using shared-queue (SQ) for handoff users with 
various spectrum handoff schemes that are presented in the previous chapters with 
separate handoff users’ queues. The comparison has been made in terms of total 
service time against primary users’ arrival rate. In general, the accomplished results 
show that the SQ scheme outperforms all the other spectrum handoff schemes for all 
the primary users’ traffic loads.  
 
Figure 5.2: Comparison between non-switching and SQ handoff schemes. 
Figure 5.2 compares the implemented SQ scheme with the non-switching 
handoff (NSWH) scheme. From the graph, it is clear that SQ scheme can 
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considerably improve the total service time. This improvement increases as the 
primary users’ traffic loads increase. For example, when the primary users’ traffic 
loads is 0.2, the SQ scheme improves the total service time by 20%, and when the 
traffic load is 0.3, the improvement reaches approximately 30%. 
 
Figure 5.3: Comparison between switching and SQ handoff schemes. 
Figure 5.3 and Figure 5.4 illustrate the performance of switching-handoff and 
random-handoff schemes presented in Chapter 3, and REH-SQ for every PU’s 
arrival rate. Clearly, REH-SQ reduces considerably the total service time of the 
secondary users compared with the other handoff schemes. For example, when the 
PU arrival rate is 0.3, the REH-SQ scheme can significantly improve the total 
service time approximately by 50% compared with the SWH-NEW scheme (see 
Figure 5.3), and by more than 40% compared with the RAH-NEW scheme (see 
Figure 5.4). However, this improvement in the total service time can be increased 
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much more when we compare REH-SQ with the old corresponding schemes as 
shown in the graphs. For instance, the improvement in the total service time is 
significant and is approximately 75% and 70% compared with the SWH-OLD and 
RAH-OLD schemes, see Figure 5.3 and Figure 5.4, respectively. 
 
Figure 5.4: Comparison between random and SQ handoff schemes. 
Figure 5.5 compares the performance of REH-SQ with the existing and 
developed reactive-handoff spectrum decision schemes REH-OLD and REH-NEW, 
respectively. REH-OLD is compared with a range of sensing delay values (Tse). The 
graph shows that even when the idle case is considered, i.e., Tse=0, REH-SQ still 
achieves the lowest total service time compared with the other schemes. For 
example, when REH-SQ is compared with the idle case of REH-OLD (Tse=0), then 
the improvement in the total  service  time  is  nearly 23%. However, as the sensing 
time increases, this improvement increases as well; when the sensing time is 
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increased to 0.7, and 2, then the improvement increases to about 31% and 42%, 
respectively. Sensing-based schemes such as REH-OLD waste some time on 
searching for free channels. As a consequense, the handoff delay and total service 
time increases, which  leads to degradtion in the quality of service of on going 
transmissions. On the other hand, REH-NEW performs less than REH-SQ by nearly 
34%.  
 
Figure 5.5: Comparison between reactive handoff schemes. 
Figure 5.6 compares the NSWH, SWH-NEW, RAH-NEW, and REH-NEW 
handoff schemes with REH-SQ. The graph shows that REH-SQ outperforms all the 
other schemes for all PUs’ traffic loads. In particular, when we compare REH-SQ 
with NSWH, RAH-NEW and SWH-NEW, REH-SQ shows an improvmet of about 
28%, 42% and 48%, respectively.  
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This is true, since in the separate queue case, it is possible to find some 
interrupted users waiting for service in the queue while the other channels are in the 
idle state, or it has only secondary users in the low-priority queue waiting for service. 
Of course this will waste some transmission opportunities for the interrupted users 
which will lead to an increase in the handoff delay and the total service time as well. 
On the other hand, when we consider the shared-queue case, interrupted users in the 
shared queue will be handled by the first channel, which becomes idle. Also, there 
will be no secondary user served before any interrupted users exist in the system. 
Obviously, handoff delay and total service time will be lowered in the case of using 
shared queues compared with the case of using separate queues.  
 
Figure 5.6: Comparison between shared-queue scheme with other implemented 
schemes. 
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 Summary  5.6
In this chapter, a new reactive-decision spectrum handoff scheme has been 
implemented. Existing work only considers separate queues for handoff users. The 
new presented scheme uses a common queue to serve handoff secondary users, in 
order to increase the efficiency of the utilisation of the available spectrum channels. 
Achieved results prove that the presented reactive scheme implemented with a 
common handoff queue reduces the total service time for the secondary users 
significantly.  
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  Chapter 6.
MODELLING OF COGNITIVE RADIO NETWORKS UNDER HETEROGENEOUS SPECTRUM 
ENVIRONMENT  
 Introduction 6.1
 Dynamic Spectrum Access (DSA) and Spectrum Handoff 6.1.1
Dynamic spectrum access in a heterogeneous spectrum environment consisting 
of multi-licensed and multi-unlicensed wireless channels with various access 
priorities is not explored well yet. Given that the licensed spectrum band is 
underutilised [98] and the unlicensed spectrum band is overcrowded, there is need to 
explore this complex situation. The next subsection introduces the users’ priority in 
cognitive radio networks  
 Users Priority  6.1.2
Wireless systems assign priority to their customers to utilise the spectrum in 
different ways. As mentioned in Chapter 3, some conventional wireless systems 
provide higher priority for handoff calls over originating calls, as it is not acceptable 
to terminate the handoff calls than blocking the new originating calls.  
In cognitive radio networks which operate under licensed spectrum bands and 
centralised architecture (e.g., our works [53], [58], and [56]), a high priority is 
provided for interrupted secondary users over new arriving secondary users to utilise 
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the available licensed channels. Theoretically, this is achieved by applying the 
preemptive resume priority queuing network model. 
However, in a shared spectrum environment and decentralised network 
architecture, the challenge is that accessing the unlicensed spectrum bands is a 
random process. As a result, applying traditional queuing scheduling disciplines such 
as pre-emptive, FCFS, HOL priority queues, etc. is not applicable. In a random 
access environment, channel accessing is based on a distributed medium access 
control (MAC) protocol, such as carrier sense multiple access (CSMA). As a result, 
channel contention time in CSMA should be taken into consideration when 
calculating the delay performance measures of the contended secondary users [48]. 
To provide different priorities for handoff and new secondary users, we adopt the 
prioritised contention access (PCA) [99] in which different random retrial (also, 
called backoff) times are assigned to each type of secondary users. The higher the 
secondary users’ priority, the shorter the random back off time. The retrial time of 
the secondary users is the period of time between two consecutive retrials performed 
by a secondary user to get the service [76]. According to PCA, handoff users in our 
model should be assigned a shorter retrial time than the new secondary users. This 
means, in average, handoff users will wait in the orbit less than the new secondary 
users before getting a chance to utilise the unlicensed channels. As a result, the 
quality of service of handoff users can be improved. Fortunately, in a random CSMA 
environment, communicating SUs do not need to be synchronised to access available 
channels [32, 76, 100]. 
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This chapter proposed and implemented a prioritised queuing network model 
to inspect the effects of the spectrum handoff process on the performance of the 
secondary users in a heterogeneous spectrum environment. Because the analysis of 
spectrum handoff delay, mathematically, is a very complicated issue, especially 
under such dynamic circumstances, we decomposed the model into two main parts 
and validated analytically the resultant parts whenever it is possible in order to have 
a minimum level of confidence. 
 Spectrum Handoff Modelling in a Heterogeneous Spectrum 6.2
Environment  
In Chapter 2, existing work in spectrum handoff in CRNs with the concept of 
OSA in both licensed and heterogeneous spectrum bands is discussed in detail.  
However, most of the existing spectrum handoff models with OSA did not 
investigate the performance of secondary users in a mixed spectrum environment. 
This means that these models do not take into consideration that secondary users can 
operate on both spectrum band environments. In other words, they ignore the 
possibility of unlicensed bands to become available after some time, and hence can 
be used for transmission.  
As it is known, multiple spectrum handoffs can reduce the QoS of the 
secondary users, and in order to reduce the handoff delay of the secondary users 
especially for real time applications, interrupted secondary users should be provided 
with a higher priority to utilise the available spectrum bands over the new secondary 
users. This can mitigate the adverse effect of the handoff process. However, existing 
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work does not differentiate between handoff and new originating secondary users, as 
no priority has been given to handoff users in getting services, which leads to an 
increase in the handoff delay and total service time of the interrupted users.  
Furthermore, all previous studies did not broadly discuss the issue of spectrum 
handoff operations in terms of spectrum handoff delay.  
 Proposed Spectrum Handoff Model  6.3
 System Model 6.3.1
In this subsection, a prioritised cognitive radio spectrum handoff model is 
presented. The proposed model analyses the performance of the secondary users 
operating in a heterogeneous and very dynamic spectrum situation composed of 
licensed channels, unlicensed channels, and three types of users: primary users, new 
(original) secondary users, and handoff secondary users. In general, each secondary 
user is assumed to be implemented with a cognitive radio to allow them to sense the 
spectrum environment and detect the empty spectrum channels. Secondary users can 
utilise both types of spectrum channels. This can improve the spectrum usage for 
cognitive radio networks. 
The main objective of the proposed model is to increase the spectrum usage of 
the secondary users. Moreover, to decrease the number of spectrum handoff for the 
secondary user. Finally, to decrease the associated spectrum handoff delay. 
The proposed system model suggests that PUs and SUs will compete for 
utilising the spectrum channels using the centralised access point (AP) and random 
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access techniques, as illustrated in Figure 6.1. The model consists of a number of 
independent wireless channels. There are N1 licensed channels and N2 unlicensed 
channels, as shown in Figure 6.2. The licensed channels share two priority queues: 
low-priority queues and high-priority queues for secondary and primary users’ 
transmissions, respectively. The queues are implemented with an infinite size for 
simplicity. In addition, a Pre-emptive Resume Priority (PRP) M/M/C queuing model 
and a M/M/C retrial queuing model are suggested to manage the spectrum handoff 
process in the system. 
     
Figure 6.1: Proposed heterogenous CR network. 
In general, when a secondary or primary user arrives to the licensed channels 
(N1) and finds no idle channel for utilisation, the arriving user will be queued in the 
corresponding queue type low-priority queue or high-priority queue, respectively. 
On the other hand, when a secondary user (either handoff or new user) arrives to the 
unlicensed channels (N2) and finds no idle channel for usage, the arriving secondary 
user enters the retrial group (also called the orbit). However, there is no rule of 
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queuing order within the orbit. Instead, the retrial group becomes a source of 
repeated calls which may be regarded as a sort of infinite queue. But, the order of 
getting the service depends on the random order in which secondary users return 
back to check the channels’ status and the random chance that a channel is found 
empty  at the time the secondary user returns to the system [101].  
 
 
 
 
 
 
 
 
 
Figure 6.2: Proposed cognitive radio queuing network model operating in a mixed 
wireless channels (where n = 1). 
The general assumptions for the proposed model are given below: 
 There are two types of spectrum channels that can be utilised in an 
opportunistic manner: licensed channels and unlicensed channels. 
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 The available number of licensed channels and unlicensed channels for 
transmission is N1 and is N2, respectively. 
 Primary users arrive according to Poisson distribution, with rate , and 
depart according to the exponential distribution with rate ,  and can utilise 
only the licensed channels. Upon arriving at the instance of a primary user, if 
there is at least one idle licensed  channel,  then  the  arriving primary user 
will occupy this idle channel and send its transmission. If all licensed 
channels are busy and at least one licensed channel is occupied by a 
secondary user, then the arriving primary user will select and pre-empt one of 
the licensed channels occupied by the secondary users. If all the licensed 
channels are busy by primary users, then the arriving primary user joins the 
high-priority queue of the licensed channels and will be served according to 
the FCFS queue disciplines.  
 Secondary users arrive according to Poisson process, with initial rates  and 
 and utilise available licensed (N1) and unlicensed (N2) radio spectrum 
channels, respectively, with exponential service rates  and , 
respectively. 
 If newly arrived secondary users at the licensed channels (N1) find empty 
channels, then they will occupy one of those empty channels and transmit 
their data and leave the system after finishing the data transmission, 
otherwise if all the licensed channels are busy, either by primary users or 
secondary users, then the arriving secondary users join the low-priority queue 
p
p
1s
2s
1s 2s
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of the licensed channels and will be served according to the FCFS queue 
disciplines but after all the primary users exist in the high-priority queue. 
 Newly arrived secondary users at the unlicensed channels (N2) always 
perform spectrum sensing for some time, say (Tse), before starting their 
transmission. If they find empty channels, then they will occupy one of those 
empty channels, transmit their data and leave the system after finishing their 
transmission, otherwise they will enter the retrial group and retry for service 
after waiting for an exponentially distributed period of time with retrial rate
. 
 Interrupted secondary users will perform the spectrum handoff procedure and 
arrive at the unlicensed channels with rate . Since the initial secondary 
users’ arrival rate ( ) is a Poisson process and will be interrupted by 
randomly arriving primary users, the resultant interruption rate is also a 
Poisson process.  
 Moreover, since the service time of the secondary users follows the 
exponential distribution and the handoff users will resume their interrupted 
transmissions, the remaining service time (1/ ) of the handoff SUs also 
follows the exponential distribution with the same rate; i.e. . 
 If the handoff secondary user senses some empty channels, the secondary 
user utilises one of those empty channels and transmits its data and leaves the 
system after finishing its transmission, otherwise it will enter the retrial group 
and retry for service after waiting for an exponentially distributed amount of 


1s


1s 
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time with retrial rate . Handoff secondary users require a period of time to 
switch to the new channel (Tsw). Also, in order to notify the intended receiver 
regarding the selected target channel, the communicating users spend some 
time to exchange handshaking messages (Tha). 
Since interrupted secondary users will handoff to unlicensed channels, this can 
limit the number of experienced interruptions by each secondary user to one (n = 1). 
Secondary users will keep repeating trials until they get the opportunity and 
complete sending their transmission data.  
 Spectrum Handoff Analysis in a Heterogeneous Spectrum 6.4
Environment 
In this scheme, primary users can utilise only licensed spectrum channels (N1) 
while secondary users can use both licensed and unlicensed spectrum channels. In 
the case of interruptions, interrupted secondary users have to move to the unlicensed 
spectrum channels (N2) and will not be interrupted again since all the users in the 
unlicensed channels will be served with equal rights. In other words, all secondary 
users have the same right to utilise the available unlicensed channels. 
Upon the instant they arrive at the N2 channels, both the handoff and new SU 
users will be served immediately if they find empty channels, otherwise they will 
enter the retrial queue and will retry for service after waiting for a random period of 
time. In general, to apply some kind of priority for a particular class of users over 
another class in a random access environment, the length of the random period of 

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waiting time in the orbit is used. For example, users with higher priority must wait 
shorter periods of time than users with a lower priority before they can retry for 
service. As a result, on average, high priority users will be served before any other 
low priority users. In this model, handoff users will be given high priority over new 
SUs to utilise available unlicensed channels (N2) by assigning them with shorter 
retrial times which lead to shorter average waiting times in the orbit. 
Generally, the analysis of retrial queues  is a difficult problem except for 
limited simple cases [101]. The degree of difficulty further increases if there is more 
than one class of users [14], as proposed in this chapter. Moreover, when a 
heterogeneous radio spectrum environment, which consists of licensed and 
unlicensed channels is considered, it implies the usage of two different channel 
access technologies; contention-free and contention-based. Therefore, in order to 
facilitate validation of our proposed cognitive radio network queuing model which 
operates in a heterogeneous spectrum environment and consists of multi-channel and 
multi-class of users, we decomposed our proposed queuing network model into two 
main parts as shown in Figure 6.3 and Figure 6.4; the first part illustrated in Figure 
6.3 is just the ordinary M/M/C queue with preemptive resume priority disciplines, 
whereas the second part (Figure 6.4) is the ordinary M/M/C retrial queue. The 
interruption rate (also called the handoff rate) output from the first part of the model 
will be the input to the second part of the model, besides the ordinary input to the 
second part. In other words, interrupted secondary users and new secondary users 
will arrive at the second network part - as two inputs - with mean rates  and , 
respectively.   
 2s
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Figure 6.3: First network part: M/M/C queue with preemptive resume priority 
disciplines (n = 1). 
 
 
 
 
 
Figure 6.4: Second network part: M/M/C retrial queue with two input arrivals and 
two retrial rates (n = 1). 
Single-licensed and single-unlicensed channel, and multi-licensed and multi-
unlicensed channel scenarios will be analysed and discussed in the next sections. 
Orbit 
Handoff rate 
Residual service time 
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Moreover, the former scenario is considered with identical and non-identical traffic 
rates for handoff and new arrival SUs’. Whereas, the latter scenario is considered 
with different numbers of licensed and unlicensed spectrum channels. 
 Scenario 1: Single Licensed and Unlicensed Channels (N1=1, N2=1) 6.4.1
In this scenario, an analytical model for the proposed queuing network model, 
which comprises of two parts, can be found in the literature, but separately and 
sometimes with needing to some assumptions to be valid for our case.   
For the first part of the network model illustrated in Figure 6.5, the interesting 
parameter is the interruption rate ( ) since interrupted users will arrive at the 
second part of the network and will affect the performance of the network directly. 
The expression of  is mentioned in [64] and can be written as:  
 
 
 
 
6.1 
 
Where  refers to the interruption probability which is equal to: 
 
 1


p
p s



 
 
6.2 
 
From the above equation it is clear that the interruption probability  increases 
as the primary user arrival rate  increases or when the secondary user tends to use 


1s  


p
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the transmission channel for longer periods. Interruption probability refers to the 
probability that the SU in service will be interrupted by arriving PUs.  
 
Figure 6.5: First network part: M/M/1 queue with preemptive resume priority 
disciplines (n = 1). 
For the second part of the network model illustrated in Figure 6.6, existing 
analytical models derive the average waiting delay in the orbit for only a single-class 
of users. The average waiting time in the orbit can be defined as the average time 
spent in the orbit until finding the channel empty and starting the transmission [101]. 
The average waiting time is mentioned in [101, 102] and is expressed as follows:  
 
 
 
 
6.3 
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Where  and  refer to the service and retrial rates of the assumed single-
class of users, and ρ refers to the channel utilisation which is equal to the ratio of the 
arrival rate to the service rate: 
 
 
 
 
6.4 
 
The second part of the proposed network model has two classes of users which 
will arrive and compete randomly for the service. As a result, some assumptions 
should be made to the existing analytical formula (6.3) in order to become valid for 
analysing the proposed model. Actually, the proposed model, assumes two classes of 
users (handoff and new SUs) instead of one class - as existing model considers-. As 
a result the parameters ,  and  should be defined again to fit the proposed 
model as shown below.   
Therefore,  will represent the aggregate arrival of the handoff and new SUs, 
and can be expressed as: 
  
 
6.5 
 
Also, since, the service time of the secondary users  follows the 
exponential distribution the remaining service time of the handoff secondary users
, as a consequence, also follows the exponential distribution with the same 
rate, which is equal to . This also means that all marginal ( and ), 
and aggregate ( ) service rates are equal:  
 
/  
  

2s   
1
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6.6 
 
Moreover, the equivalent retrial rate  can be expressed using the retrial rate 
for the handoff and the new arriving SUs, say  and , respectively, as follows: 
 
 
 
6.7 
 
To sum up, ,  and  are defined as the aggregate arrival, service and retrial 
rates, respectively of the handoff and the new SUs. 
Now two handoff schemes will be considered as non-prioritised and prioritised 
spectrum handoff, as explained below. 
6.4.1.1 Non-prioritised Spectrum Handoff Scheme 
Consider the special case where both the handoff and new secondary users 
have identical traffic parameters, as given in Equations 6.6, and the next two 
Equations 6.8 and 6.9.  
 
 
 6.8 
  6.9 
As a result, it is expected to achieve same average waiting delay for both the 
handoff and the new users in the unlicensed channel since all their traffic rates are 
identical.  
1 2s s      

 
2s
 

 
  
 
   
    
   
  
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If we denoted the marginal average waiting delays as W𝜶 and W𝜷 for the 
handoff and the new arriving SUs, respectively, then W𝜶 and W  can be written as: 
  6.10 
 
 
 
 6.11 
Where, and  denotes the marginal channel utilisation factors by the 
handoff and new SUs, respectively, and can be defined as: 
 and  
While the aggregate utilisation factor ( ) of the unlicensed channel can be 
computed as: 
 
 
 
 
6.12 
 
Clearly, the aggregate average waiting delay ( ) can be expressed using the 
marginal delays  and as: 
 
 
 
 
6.13 
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6.14 
 
 
Figure 6.6: Second network part: M/M/1 retrial queue with two input arrivals and 
two retrial rates (n = 1). 
To sum up, Equation 6.3 can represent the aggregate and marginal average 
waiting delays for handoff and new secondary users by using corresponding traffic 
rates. 
To consider the handoff delay ( ), additional incurred delays, such as the 
wideband sensing time (Tse), the switching time ( ), and the handshaking time 
(Tha), should be included in the average waiting delay as well.  
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If we neglect the effect of the additional delays, then E[D] can be written as : 
 
 
 
 
6.16 
 
Henceforth, will either be called the handoff delay or the waiting 
(queuing) delay for handoff secondary users.  
6.4.1.2  Prioritised Spectrum Handoff Scheme 
When the traffic rates of handoff and new SUs are not all identical, in 
particular, the case when  is considered, handoff users are given a higher 
priority over the original SUs to utilise unlicensed channels. The existing analysis for 
the average waiting delay can only represent the aggregate value. In this case, we 
would expect that handoff SUs will experience less average waiting delay than the 
new SUs in the unlicensed channels, since the retrial rate of the former is always 
higher than that of the latter. 
 Scenario 2: Multi-licensed and Multi-unlicensed Channels (N1 = n1, 6.4.2
N2 = n2) 
When we extend the suggested queuing network model to the general case in 
which the system operates under multi-licensed and multi-unlicensed channels, then 
 E D W 
W
  
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the complexity of the proposed model will increase besides the issues mentioned 
above, and so, as a consequence, only the simulation results are provided in this case.  
Obviously, marginal utilisation factors can be computed analytically using 
2 2 sn    and 2 2 2 s sn   besides the aggregate factor by 2 2/ sn    for 
all of the above mentioned scenarios and cases. 
 Simulation Experiments and Numerical Results 6.5
In order to evaluate the performance of the proposed CR network model, we 
can perform extensive simulation experiments in a heterogeneous spectrum 
environment with single-channels and multi-channels. The simulation experiments 
have been achieved with the discrete event simulator (MATLAB) tool to analyse the 
aggregate and the marginal waiting delay for the secondary users, for both of the 
considered scenarios. Moreover, non-prioritised and prioritised spectrum handoff 
schemes are considered, too. Although a 95% confident interval is used to evaluate 
the accuracy of the achieved results, the variations of the confidence interval is 
relatively high in Figure 6.20 and Figure 6.21, this due to the reduction of the 
number of handoff events by increasing the number of licensed and unlicensed 
channels from 1 to a higher number. In general, this leads to decreases in the number 
of samples used to calculated the average in the confidence interval. Also, we 
assume secondary users have the ability to sense perfectly the available spectrum 
bands, which means that the detection of PUs is perfect. Simulation results have 
been comprehensively compared with the results achieved from the analytical model 
whenever it is possible. 
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 Performance Calculations  6.5.1
In general, for simulation experiments the marginal,  and , and 
aggregate  average waiting times spent in the orbit before getting the service can 
be calculated using the following formulae: 
 
  
6.17 
   
Hence, the aggregate average is just the sum of the marginal averages which 
can be written as: 
 
 
 
( )


 Delay of Handoff SUs Delay of NewSUs
W
Number of Handoff Users Number of NewSUs
 
 
6.19 
 
 
 Scenario1:  (N1 = 1, N2 = 1) 6.5.2
In this scenario, two schemes are assumed: non-prioritised and prioritised 
spectrum handoff schemes. Table 6.1 summarises various simulation parameters 
with corresponding rates, which are used for the first scenario, unless otherwise 
stated. 
 
W W
W
 
Waiting Delay of Handoff SUs
W
Number of Handoff Users
 
 
 
 
6.18 
 
 
Waiting Delay of New Arriving SUs
W
Number of NewSUs Arriavls
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Table 6.1: Simulation parameters for first scenario. 
6.5.2.1 Non-prioritised Spectrum Handoff Scheme 
Existing models do not differentiate between original and handoff SUs. Both 
types of SUs have same priority to access the unlicensed channel, which is expressed 
here as . Results presented in this part are in line with such assumptions and 
equality. Graphs provided in Figure 6.7 to Figure 6.10 display a comparison between 
simulation and analytical results. Figure 6.7 ‎dna‎ Figure 6.8‎show the corresponding 
delays for handoff and new users, respectively. The average waiting delay in the 
orbit is drawn versus the secondary users’ arrival rate in order to achieve the 
comparison. Theoretical results in all of the figures can represent both the marginal 
and aggregate delay values as they are equal in this case. As expected, as the SU 
arrival rate increases, the corresponding delay increases as well. Generally, graphs 
show that the results obtained from simulation experiments and those produced from 
analytical models are exactly the same. 
  
Parameter Symbol Value(s) 
CH1 SU arrival rate λs1 6.50 
Interruption/handoff  rate λ𝜶 1.00 2.00 3.00 4.00 5.00 6.00 
CH2 SU  arrival rate λs2 1.00 2.00 3.00 4.00 5.00 6.00 
PU arrival rate λp 2.36    5.78 11.14   20.80   43.33  156.00 
PU service rate μp 315.00 
SUs’ service rates μs1, μs2 13.00 
Handoff SUs retrial rate 𝜐𝜶 5,10,15,20 
New SUs retrial rate 𝜐𝜷 5,10,15,20 
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Figure 6.7: Average handoff delay for handoff SUs with ( ). 
 
Figure 6.8: Average waiting delay for new SUs with ( ). 
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Figure 6.9 compares the results obtained from the analytical model and the 
simulation experiments for the average delay of both the new and handoff SUs. As 
expected, since all traffic rates are equal for both types of the SUs, the resultant 
waiting delay in the orbit is equal as well. 
Figure 6.10  compares the performance of the proposed network for a range of 
equal retrial rates of the new and handoff SUs. From the graph, it is clear that the 
average handoff delay decreases with the increase of the retrial rates. This can be 
understood as, when the retrial rates and  increase, the retrial time decreases 
which leads to a decrease in the average waiting time in the orbit until finding an 
opportunity to transmit the data. 
 
Figure 6.9: Average waiting delay with ( ). 
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Figure 6.10: Average handoff delay for a range of equal retrial rates. 
6.5.2.2 Prioritised Spectrum Handoff Scheme 
In this case, simulation parameters illustrated in Table 6.1 are still valid. 
However, the only change assumed here is that retrial rates are different (i.e., always
). In other words, handoff secondary users will generally have a higher 
priority over the new secondary users to utilise the available spectrum channels, and 
this can clearly decrease their handoff delay. Moreover,  is assumed to be 
constant (i.e. ) whereas can be varied, as illustrated in the following graphs. 
Figure 6.11 to Figure 6.18 compare simulation and/or analytical results for the 
original and handoff SUs under a range of retrial rates. For reasons of comparison, 
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the figures also include the non-prioritised scheme results (i.e., when both retrial 
rates are equal ).  
The next three figures (Figure 6.11- Figure 6.13) show illuminate results of the 
proposed model. As shown by the graphs, handoff SUs always experience a less 
average waiting delay than the new SUs, which can improve their quality of service 
QoS. This can be interpreted in such a way that, since handoff SUs will wait for 
shorter average periods of time in the orbit than the new SUs (this is because of 
),  the resultant delay in the orbit for handoff users will be, on average, less 
than that of the new users.  
 
Figure 6.11: Simulation results for average waiting delays ( ). 
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Figure 6.12: Simulation results for average waiting delays ( ). 
 
Figure 6.13: Simulation results for marginal delays ( ). 
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Figure 6.14 shows simulation results to investigate the performance of - only - 
handoff secondary users under various retrial rates. As shown in the graph, the 
average handoff delay decreases with the increase of the handoff users’ retrial rate (
) for a constant original user retrial rate ( ). For example, when  increases 
from 5 to 10, the average handoff delay would decrease by approximately 45% at 6 
traffic loads. On the other hand, when  increases from 5 to 20 for the same traffic 
loads, the improvement in the average handoff delay would exceed 68%. This is 
obvious and can be understood as, for high values of , handoff users will 
experience, on average, short waiting times in the orbit before they retry for service, 
which leads to a reduction in the average handoff delay. On the contrary, for low , 
handoff users will spend longer waiting times on average before they repeat the trial 
for the service, which causes an increase in the average handoff delay. 
 
Figure 6.14: Effect of SUs retrial rates on the handoff delay (Simulation results). 
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Figure 6.15 to Figure 6.17 draw together the simulation results for the marginal 
and aggregate delays of handoff and new SUs. As expected, the aggregate delay 
graph is always situated between the two marginal delays. Also, the handoff delay 
graph is always located under the aggregate graph. On the other hand, the waiting 
delay for the new SUs graph is always situated above the aggregate graph. This is 
clear as the aggregate delay represents the average of the marginal delays; 
consequentially, it should always be located between the two marginal delays. But 
when , all delays are equal and appear as one graph, as shown in Figure 6.9.  
 
Figure 6.15: Simulation results for marginal and aggregate delay (𝒱𝜶=10, 𝒱𝜷=5). 
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     Figure 6.16: Simulation results for marginal and aggregate delay (𝒱𝜶=15, 𝒱𝜷=5). 
 
Figure 6.17: Simulation results for marginal and aggregate delay ( ). 
The aggregate simulation results are validated using the results produced from 
the analytical model and give exactly same results as shown in Figure 6.18. 
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Figure 6.18: Effect of SUs retrial rates on the average aggregate waiting delay. 
 
The achieved results in Figure 6.7 to Figure 6.18 show that, as the SUs’ arrival 
rates increase, the average waiting delays increase as well. This can be interpreted as 
follows: for a constant service rate, when the arrival rate of the SUs increases, the 
probability that new, handoff, or retrial users find the channel being busy becomes 
high. When the user finds the channel busy, a random back off time is generated, and 
it waits in the orbit, this procedure will be continued until the user gets service. 
Therefore, this will increase the average waiting delay in the orbit for the SUs. 
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scenario. In other words, Equation 6.1 is still valid, but with deduction the 
interruption probability (𝜶) from the simulations. Simulation parameters for this 
section are illustrated in Table 6.2. Table 6.3 shows the relationship between the 
number of channels that belong to a spectrum band and the interruption rate λ𝜶. The 
table reveals that the interruption rate only relies on the number of licenced channels 
N1 and does not depend on the number of unlicensed channels N2; this is obvious 
because the interruption process always occurs in the licensed channels N1. Also, the 
table demonstrates that, as the primary user’s arrival rate λp increases, the 
interruption rate λ𝜶 increases as well. For example, when N1 = 2 and assuming that 
λp increases from 1 to 6, the interruption rate λ𝜶 would increase gradually from 
0.0802 to 0.7283 as well. This is because of the fact that, as λp increases, the 
probability that the secondary user under the service will be interrupted increases as 
well, which leads to an increase in the handoff rate. 
On the contrary, it can be seen that, as the number of licensed channels N1 
increases, the interruption rate λ𝜶 decreases. For example, at the low rates of PU, say 
λp = 2, and when N1 = 2, the interruption rate is 0.1919 and decreases to 0.0380 when 
N1 = 3 and to 0.0055 when N1 = 4. This can be understood as follows: for a given PU 
arrival rate, when the number of licensed channels increases, the equivalent number 
of secondary users that can be served at the same time increases too. Also, since the 
arrived PU can interrupt and pre-empt only one SU at the same time, the number of 
interrupted SUs decreases, which leads to a decrease in the interruption rate. 
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Parameter Symbol Value(s) 
PU arrival rate λp 1.0 – 6.0 
PU service rate μp 10.00 
SU1 arrival rate λs1 3.00 
SU2 arrival rate λs2 1.00 - 6.00 
SUs’ service rate μs1, μs2   8.00 
Handoff SUs retrial rate 𝜐𝜶 10.00 
New SUs retrial rate 𝜐𝜷 5.00 
 
Table 6.2: Simulation parameters for second scenario. 
λp 1 2 3 4 5 6 
N1 = 2  
N2 = n2  
 
λ𝜶 
0.0802 0.1919 0.3188 0.4556 0.5921 0.7283 
N1 = 3 0.0125 0.0380 0.0780 0.1316 0.1982 0.2754 
N1 = 4 0.0014 0.0055 0.0136 0.0271 0.0474 0.0742 
 
Table 6.3: Simulation results for spectrum handoff rate (where n2=1, 2, 3). 
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Figure 6.19 to Figure 6.21 describes the effect of the changing number of 
channels N1 and N2 on the average handoff delay. In each figure, N2 is set to be 
constant while N1 is variable. From the graphs, it can be recognised that, for a given 
number of unlicensed channels N2, the average handoff delay decreases with an 
increase in the number of licensed channels N1. For example, in Figure 6.19, when 
the primary users’ arrival rate is 6 and N1 increases from 2 to 3, the average handoff 
delay would decrease by almost 30%. This can be explained as, when N1 increases, 
the number of secondary users that can be served at the same time increases as well; 
this means that more SUs will finish their transmission in the N1 channels, which 
decreases the handoff rate λ𝜶. Therefore, the decrease in λ𝜶 will lead to a decrease in 
the number of users which enter the orbit, meaning that there is a decline in the 
average handoff delay, according to Little’s formula. 
 
Figure 6.19: Average handoff delay.  
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In Figure 6.21 the number of unlicensed channels is set to 3 in order to show 
that our achieved results can be realistic since the standard IEEE802.11b also uses 
three non-overlapping channels. 
 
Figure 6.20: Average handoff delay.  
 
Figure 6.21: Average handoff delay. 
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 Summary 6.6
In this chapter, a novel spectrum handoff scheme has been developed, which 
operates in a heterogeneous spectrum environment. The scheme employs contention-
free and contention-based (random) access methods, which are modelled using the 
PRP M/M/C queue and the M/M/C retrial queue, respectively. The developed 
scheme switches all handoff users to the unlicensed spectrum channels in order to 
resume interrupted transmissions. The main advantage of the unlicensed spectrum 
band is that all users have the same priority and no more interruptions are allowed, 
which limits and decreases the handoff delay. Additionally, the interrupted 
secondary users have been given a higher priority to utilise the available unlicensed 
channel in order to reduce the average handoff delay and improve their QoS. 
Achieved results from extensive simulation experiments have been validated 
whenever it is possible, with the results being obtained from the analytical models. 
Moreover, a comparison study has been made to compare the performance of the 
scheme under different scenarios and various companions of simulation parameters, 
such as retrial rates and the number of licensed and unlicensed channels. Revealed 
results have been shown that the proposed scheme improves the average handoff 
delay and increases the performance of the proposed heterogeneous cognitive 
network. 
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   Chapter 7.
CONCLUSIONS AND FUTURE WORK 
Due to the growth and spread of wireless devices in the unlicensed spectrum 
bands, such as ISM, the bands become more and more crowded and therefore affect 
the performance of the wireless networks negatively. Thus, the cognitive spectrum 
access principles are required to utilise the existing spectrum bands more efficiently. 
The OSA technique is a step towards solving the issue of the spectrum being 
underutilised in today’s wireless networks. Based on OSA, wireless networks can 
reuse the remainder of the spectrum which is not being used by the spectrum owners   
therefore, the efficiency of using the spectrum for wireless networks will be 
improved. However, several challenges need to be resolved in order to gain from the 
advantages of such innovate spectrum management techniques. Spectrum sensing, 
spectrum decision, spectrum sharing, and spectrum mobility (handoff) are examples 
of such challenges.  
Despite its importance, spectrum handoff isn’t explored as much as it should 
be. Handoff secondary users occupying the licensed spectrum should vacate the 
spectrum when required by the primary users, while initiating the spectrum handoff 
procedure to find an empty spectrum where they can complete the interrupted 
transmissions. On the other hand, spectrum handoff would make the interrupted 
secondary users experience additional delay. Thus, the principal contribution of this 
thesis is to present answers to address the aforementioned challenge.  
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In the next subsection, we conclude the main chapters of the thesis by giving a 
summary of each chapter and couple them with the achieved results, and finally 
providing the conclusions reached. 
 Conclusions 7.1
The most important contribution chapters of the thesis are summarised below: 
In Chapter 3, two novel proactive-decision spectrum handoff schemes had 
been developed. These schemes are the switching-handoff scheme (SWH-NEW) and 
the random scheme (RAH-NEW) which operate on a centralised contention free 
environment in the licensed spectrum bands. A Preemptive Resume Priority (PRP) 
M/G/1 queuing theory was used to model the proposed cognitive radio network. The 
developed schemes provide handoff secondary users with a higher priority to utilise 
unused spectrum channels. The proposed schemes have been compared with the 
existing generated schemes, such as non-switching-handoff (NSWH), switching-
handoff (SWH-OLD), random handoff (RAH-OLD), and reactive handoff (REH-
OLD). Simulation results have been validated using the developed analytical models. 
The comparisons demonstrated that the simulation results closely match those 
achieved using analytical models. Moreover, achieved results have revealed that the 
improvement in the cumulative handoff delay in SWH-NEW and RAH-NEW is 
approximately 65% and 60% respectively, compared with the existing generated-
corresponding schemes.  
In Chapter 4, a spectrum handoff scheme was presented, which is classified 
under the reactive-decision approach and is denoted as REH-NEW. The proposed 
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cognitive radio network has been modeled using the Preemptive Resume Priority 
(PRP) M/M/1 queuing theory, which operates on a centralised contention-free 
environment in the licensed spectrum bands. Handoff users choose the channel with 
the least number of waiting secondary users to resume the interrupted transmissions, 
and are provided with higher priority to utilise the idle spectrum channels. Extensive 
simulation experiments have been conducted to compare REH-NEW with the 
corresponding existing scheme (REH-OLD) under a range of sensing times. Also, it 
has been compared with other schemes implemented and generated in Chapter 3. 
Achieved results, show that the improvement in the cumulative handoff delay in 
some cases is approximately 34% compared with the existing corresponding scheme 
(REH-OLD). On the other hand, REH-NEW improves the cumulative handoff delay 
up to about 20% and 34%, compared with RAH-NEW and SWH-NEW, respectively. 
Moreover, this improvement can be much larger and can reach up to approximately 
68% and 77% in the case of being compared to the existing schemes, RAH-OLD and 
SWH-OLD, respectively.  
In Chapter 5, another reactive-decision spectrum handoff scheme was 
suggested and was denoted as REH-SQ. A Preemptive Resume Priority (PRP) 
M/M/1 queuing theory was used to model the proposed cognitive radio network, 
which works in a centralised, contention free environment in the licensed spectrum 
bands. The suggested scheme used a common queue to serve the arrived handoff 
users from all of the channels which encountered interruption events. Also, handoff 
users preferred to occupy idle channels over the other secondary users. Extensive 
simulation experiments have been conducted to investigate the performance of the 
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scheme. REH-SQ has been compared with other reactive schemes, such as REH-
NEW and REH-OLD, under a range of sensing times. Moreover, it has been 
compared with other schemes implemented and generated in the previous chapters. 
The achieved results have demonstrated that REH-SQ can significantly improve the 
total service time. For example, the improvement in the case of SWH-OLD and 
RAH-OLD can reach up to approximately 70% and 75%, respectively. 
In Chapter 6, a novel spectrum handoff scheme was developed, which operated 
in a heterogeneous spectrum environment. Since access techniques to the licensed 
spectrum bands and unlicensed spectrum are different and rely on contention-free 
and contention-based (random) access approaches, respectively, a mixed queuing 
network model has been adopted in order to model the proposed cognitive radio 
network. A Preemptive Resume Priority (PRP) M/M/C queuing theory has been used 
to model the part of the network which operates on the licensed spectrum band and 
the M/M/C retrial queuing theory has been used to model the part of the network 
which operates on the unlicensed spectrum bands. The developed scheme switches 
all handoff users to the unlicensed spectrum channels in order to resume interrupted 
transmissions. The main advantage of the unlicensed spectrum bands is that all users 
have the same priority and no more interruptions are allowed in this band, limiting 
and decreasing the handoff delay. Moreover, the scheme provides the handoff users 
with a higher priority to utilise the idle spectrum channels by assigning them with 
higher retrial rates compared with those of other new users. In other words, this has 
been achieved by assigning handoff SUs with a shorter average backoff time than 
that of the new SUs. In general, two scenarios have been assumed: a ‘single-licensed 
 CHAPTER .7– CONCLUSIONS AND FUTURE WORK 
 
146 
 
and single-unlicensed channels’ (N1=1, N2=1) scenario and a ‘multi-licensed and 
multi-unlicensed channels’ (N1=n1, N2=n2) scenario. The achieved results from 
extensive simulation experiments have been validated whenever it is possible with 
the results obtained from the analytical models. Moreover, a comprehensive 
comparison study has been made to compare the performance of the scheme under 
different scenarios and various combinations of simulation parameters, such as the 
retrial rates and the number of licensed and unlicensed channels. Also, the scheme 
has been compared with the situation where both the original and handoff SUs have 
the same access priority, and when handoff users have a higher priority to access the 
unlicensed band. The revealed results have shown that the proposed scheme 
improves the average handoff delay and increases the performance of the proposed 
heterogeneous cognitive radio network.  
 Future Work 7.2
In future, the proposed schemes in this thesis can be extended to practise more 
general traffic models of the arrival and service processes, rather than just the 
Poisson and the Geometric distributions, respectively, in order to capture the features 
of today’s traffic better. Also, in general, finite queuing models attract less attention 
than the infinite models and so, as a result, more research can be done in this area. 
Based-on this hypothesis, other performance measures besides delay metrics can be 
investigated such as, the blocking probability and the throughput. 
Furthermore, other service completion policy rather than the resumption 
policies which is used in this these can be adopted. In this thesis, the interrupted 
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secondary users resume their unfinished transmission on the available channels, 
according to the proposed spectrum handoff scheme. However, in other situations, 
the interrupted secondary users may decide to drop the interrupted transmission and 
will not be transmitted any more. Other possibility, may they decide to retransmit the 
whole connection rather than resuming the interrupted transmission. In this case, the 
preemptive repeat priority queuing network should be used to model the cognitive 
radio network, and is valuable to examine the delay performance resulting from 
applying this discipline.  
Moreover, the proposed spectrum handoff schemes assumes identical traffic 
parameters for the licensed wireless channels such as arrival rates and service times 
for the primary and secondary users. Alternatively, the effect of non-identical traffic 
parameters on the proposed spectrum handoff schemes can be explored. 
Based on proposed queuing network models, other performance measures such 
as channel utilisation under traditional wireless networks and cognitive radio 
networks can be studied and compared to show the benefit from adopting dynamic 
spectrum access (DSA) and opportunistic spectrum access approaches (OSA) in the 
wireless networks. 
In some application, multiple secondary users may provide with different 
priorities to utilise available spectrum bands. In such cases, the effect of spectrum 
handoff can be modelled using both preemptive queuing disciplines (between the 
PUs and the SUs) and non-preemptive (HOL) queuing disciplines (between the SUs 
themselves). 
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In a real wireless networks, spectrum sensing is not perfect as assumed in this 
thesis, thus it is worthy to incorporate the innovative prioritised principle proposed in 
this thesis with the effect of false alarm probability and detection probability in the 
proposed spectrum handoff models. 
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